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The formation in heated mixtures of asparagine and glutamic acid of a 
substance that shows certain biological and chemical properties of nico- 
tinamide was reported in earlier papers (1-3). This substance has now 
been isolated and identified as nicotinamide itself. 


EXPERIMENTAL 


The optimal conditions previously described were followed in carrying 
out the reaction between asparagine and glutamic acid on a relatively 
large scale; a solution containing 50 gm. per liter of each of the two 
amino acids and 0.15 gm. per liter of MnSO,-4H,O was heated in a water 
bath with aeration for 9 days. The solution was then concentrated in 
vacuo to about one-quarter of its original volume and extracted with 
ether for 48 hours. The ether extract was dried, taken up in a small volume 
of 0.05 m phosphate, pH 7, filtered, and again extracted with ether for 48 
hours. After removal of the solvent from the second ether extract, a heavy 
brown oil remained. 

The various fractions obtained in this procedure were assayed for nico- 
tinamide activity by the method previously described (3) that was based 
on the growth of Bacterium dysenteriae. In a typical run, starting with 1 
liter of asparagine-glutamate solution, 66.2 mg. of nicotinamide were 
formed. After the first ether extraction 0.8 mg. (1.2 per cent) remained in 
the water solution and after the second, 3.6 mg. (5.4 per cent); the second 
ether extract contained 57.2 mg. (86 per cent). The apparent loss of 7.4 
per cent is within the limits of error of the assays. The total dry weight of 
the second ether extract was 125 mg. 

Because of the large amount of amino acids required for this preparative 
work, commercial amino acids were used. Previous work had shown that 
nicotinamide activity is formed not only from the highly purified natural 
amino acids, but also from the synthetic compounds (1). Assay of an 
ether extract of an unheated control solution of the commercial asparagine 
and glutamic acid showed that less than 0.01 mg. per liter of nicotinamide 
was present. 

For further purification, the combined crude concentrates from several 
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runs, containing in all 345 mg. of nicotinamide by assay, were dissolved in 
dilute phosphate, pH 7, and extracted with ether for 24 hours. The 
extracted material was dried and then refluxed with about 80 ml. of boiling 
benzene for 20 minutes. After the solution was decanted, filtered, and 
cooled, a mixture of yellow oil and crystals separated. This material was 
extracted again with hot benzene, about 20 ml. being used for 60 mg. The 
benzene solution was concentrated to about 8 ml. and allowed to cool. 
The resulting precipitate was twice recrystallized by the same procedure 
and finally yielded 36 mg. of white crystals that melted at 125-126°. 
These were sublimed in vacuo at 95° and the sublimate was recrystallized 
once more from benzene. Yield 27.5 mg.; m.p. 126-127°; m.p., mixed with 
commercial nicotinamide, 126-—127°. 


Analysis—Found, N 23.26; theory, N 22.95 


Reworking of the insoluble residues from the benzene extraction of the 
mother liquors by reextraction from water, followed by repeated re- 
crystallizations from benzene, or by alternate recrystallization and sub- 
limation, yielded a further 176 mg. of crystals with a melting point of 
125-126°. A total of 212 mg. of nicotinamide, or 61 per cent of the esti- 
mated nicotinamide content of the crude starting material, was isolated in 
pure form. 

The hydrochloride was prepared by the addition of an excess of alcoholic 
hydrochloric acid to a 10 per cent alcoholic solution of this material and 
was recrystallized once from alcohol. M.p. 226.5-227°; m.p., mixed with 
hydrochloride prepared from commercial nicotinamide, 226-227°. 


Analysis—Found. C 45.6, H 4.25, N 17.47, Cl 22.16 
Theory. ‘‘ 45.45, “ 4.45, “ 17.66, “‘ 22.36 
The chloroaurate was prepared as described by Elvehjem et al. (4). 
M.p. 204-205°; m.p., mixed with chloroaurate prepared from commercial 


nicotinamide, 204-205°. 
DISCUSSION 


These experiments demonstrate conclusively that nicotinamide is formed 
in the reaction between asparagine and glutamic acid. Since over half of 
the amount expected from biological assays was isolated by a method that 
involved repeated fractional recrystallizations, and since chemical and 
biological analyses of the crude ether-extractable material were in complete 
agreement, the evidence appears definite that the nicotinamide produced is 
responsible for all of the observed biological activity. 

The active products formed when certain other amino acids (3) are heated 
with asparagine have not been isolated. However, chemical analysis of the 
ether-soluble material from the reaction between methionine and aspara- 
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gine indicated that in this instance also nicotinamide was produced (2). 
In view of the certainty that nicotinamide is the product in one case, and 
the probability that it is in another, and considering the well known 
biological specificity of this growth factor (5-7), there seems little doubt 
that in all of the reactions described in an earlier publication (3) between 
asparagine and other amino acids the biologically active substance formed 
is the same. 


SUMMARY 


The nicotinamide-like substance that is produced when asparagine and 
glutamic acid are heated together has been isolated and identified as 
nicotinamide. 


The author is indebted to Mr. William Saschek of Columbia University 
for the microanalyses herein reported. 
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Shortly after it was established that 3 ,3’-methylenebis(4-hydroxycou- 
marin) is the causative agent of the hemorrhagic sweet clover disease of 
cattle (April, 1940), it was found that the hypoprothrombinemia that 
characterizes this disease could also be induced by analogous compounds 
(1-3). 

In a preliminary announcement made in February, 1942 ((3) p. 953), 
we outlined the scope of experiments under way designed to show the rela- 
tionship of structure in the 4-hydroxycoumarin group to hypoprothrom- 
binemia-inducing (anticoagulant)! capacity. In the interim work by 
Jansen and Jensen (4), Lehmann (5), and Fantl (6) has appeared which 
reports on the activity of twelve of the compounds included in this study. 
Although the methods of assay and of expressing the results used by them 
differ from ours, the results are qualitatively in agreement. 

Practically all of the bis-4-hydroxycoumarins and their derivatives, as 
well as most of the 4-hydroxycoumarin compounds used in this study, were 
synthesized by methods described in a recent series of papers (7-12). 


Assay Method 


The methods used have been described in previous papers of this series 
((13); (3) specifically pp. 943-944). All the assays were made with 
standardized, susceptible rabbits, 2 to 3 years old, weighing about 2.5 
kilos. Only those rabbits were used that showed an increase in the pro- 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station and supported since July, 1940, through special grants from the 
Graduate Research Committee of the University, Office of Dean E. B. Fred, and the 
Wisconsin Alumni Research Foundation. 

1 The term anticoagulant is used in the general sense that 3,3’-methylenebis(4-hy- 
droxycoumarin) is an agent which. after action in vivo, impairs or prevents the coagu- 
lation of blood. It and the other compounds included in this study do not affect the 
clotting power when added in vitro to blood or plasma. 
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thrombin time of the 12.5 per cent plasma (1 part of plasma, 7 parts of 
saline solution) greater than 20 seconds 72 hours after feeding 2.5 mg. of 
3 ,3’-methylenebis(4-hydroxycoumarin). The assay rabbits were re- 
standardized periodically. 

Each compound was fed in gelatin capsules to a minimum of three rab- 
bits at three or more of the following levels: 2.5, 5.0, 50, 200, and 500 mg., 
and blood samples were taken for the prothrombin determination 24, 48, 
and 72 hours after administration. Unless otherwise indicated the time of 
maximum increase was 72 hours after feeding the compounds. 

The average increase in the prothrombin time of the 12.5 per cent plasma 
over normal was tabulated for each level and from the data an abbreviated 
and more useful expression, the relative anticoagulant index, was calculated. 
This index serves as an approximate basis for the comparison of activity. 

The relative anticoagulant index is defined as the seconds increase in 
prothrombin time X< 0.0186 per mm of test compound. The factor 0.0186 
is included to make the index of 3 ,3’-methylenebis(4-hydroxycoumarin), 
the reference standard, equal to 100 at the dose of 0.75 mg. Thus 1.5 mg. 
of 3,3’-methylenebis(4-hydroxycoumarin) prolong the prothrombin time 
of the 12.5 per cent plasma 19 seconds (Table I) and the index is (19 X 
0.0186 X 336)/1.5 = 79. 336 is the molecular weight of 3 ,3’-methylene- 
bis(4-hydroxycoumarin). 

This index is a measure of the efficiency of the anticoagulant. Since the 
efficiency of action is decreased at low levels by a threshold effect and at high 
levels by incomplete absorption, a certain dosage level will give the maxi- 
mum index ((3) Fig. 1, p. 944). The variance of the relative anticoagulant 
index of 3 ,3’-methylenebis(4-hydroxycoumarin) for seven different dosage 
levels is shown in Table I. Each dose was fed to eight or more rabbits a 
minimum of six times. 

It is evident that the most efficient dose is 0.75 mg., the index being 100. 
The standard error for the increase in prothrombin time over normal at 
each of the dosage levels (Table I) gives an indication of the variation be- 
tween these and all subsequent assays. For all the other compounds tested 
only the maximum index and the level at which it occurred are given in 
Tables II to VIII. Since the detectable dose of 3,3’-methylenebis(4- 
hydroxycoumarin) is about 0.40 mg. in the rabbits used in this work, doses 
higher than 500 mg. were usually not tested, because it is arbitrarily con- 
sidered that, to be biologically significant, activity of a single oral dose 
should be detectable at that level. 


Anticoagulant Activity of Various Classes of Compounds 


Bis-4-hydroxycoumarins—The condensation of 2 moles of 4-hydroxy- 
coumarin with aldehydes (8) has provided a series of bis-4-hydroxy- 
coumarins that differ from the parent substance 3 ,3’-methylenebis(4- 
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hydroxycoumarin) in that the methylene group has 1 hydrogen atom 
substituted by an alkyl or aryl group. These compounds are represented 











Taste I 
Anticoagulant Activity of 3,3’-Methylenebis(4-hydrorycoumarin) at Different Dosage 
Levels 
3, 3’-Methylenebis- Increase in prothrombin time over Relative antic lant index 
(4-hydroxycoumarin) normal, and standard error and standard error 
mg. sec. 
0.37 3.5 + 1.5* 59 + 25 
0.75 12 +3.4f 100 + 28 
1.50 19 +4.1f 79 +17 
3.00 37 +2.9T 78+ 6 
6.00 57 +8.8f 59+ 9 
50.0 65 +49.0f 8+ 1 
200. | 83 +2.8t 3+ 0.1 








* Maximum increase 24 hours after feeding. 
t 48 hours after feeding. 
t 72 hours after feeding. 














Taste II 
Anticoagulant Activity of Bis-4-hydrozycoumarins 
Relative Dosage for 
Compound anticoagniagt as ~ Bs 
mg. 
1. 3,3’-Methylenebis(4-hydroxycoumarin).................. 100 0.75 
2. 3,3’-Ethylidenebis(4-hydroxycoumarin)................. 24 5.0 
3. 3,3’-Propylidenebis(4-hydroxycoumarin)................ | 32 5.0 
4. 3,3’-Butylidenebis(4-hydroxycoumarin)................. 8.6 5.0 
5. 3,3’-Isobutylidenebis(4-hydroxycoumarin)............... 2.4 50 
6. 3,3’-Pentylidenebis(4-hydroxycoumarin)................ 3.5 200 
7. 3,3’-Isopentylidenebis(4-hydroxycoumarin).............. 1.5 50 
8. 3,3’-Hexylidenebis(4-hydroxycoumarin)................. | 3.0 200 
9. 3,3’-Benzylidenebis(4-hydroxycoumarin)................ 0.4 500 
10. 3,3’-(p-Methoxybenzylidene)bis(4-hydroxycoumarin)... .| 0.2 500 
11. 3,3’-(p-Hydroxy-m-methoxybenzylidene) bis(4-hydroxy- _ 
GOMMRREER)... 0... o Sec cccnutecendtabenee yess cat btas cas. 0.4 500 
12. 3,3’-(m, p-Methylenedioxybenzylidene) bis (4-hydroxy- 
| rere Se. a hae Ser | 0.9 500 
13. 3,3’-(p-Dimethylaminobenzylidene)bis(4-hydroxycou- _ 
| a Ee pei ee a aaa ee | 0.3 500 
14. 3,3’-Phenylethylidenebis(4-hydroxycoumarin)............ 1.1 200 
15. 3,3'-Phenylpropylidenebis(4-hydroxycoumarin).......... 1.3 200 
16. 3,3’-Carboxymethylenebis(4-hydroxycoumarin).......... 0.2 200 
7. 3,3’,3’’,3’’’-Adipylidenetetrakis(4-hydroxycoumarin).. . | 0.1 500 
18. 3,3’-Thiobis(4-hydroxycoumarin).................00005 5.3 5.0 
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by the general formula (I). The anticoagulant activity of this series is 
given in Table II. 


: H H 
\ FA 
‘ hr My 
rif | R | 
. ee So ‘oN, 40 
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All the “ae of activity are made with 3,3’-methylenebis(4- 
hydroxycoumarin) which henceforth will usually be designated as /. 
Likewise the numbers in italic type will be used in the text to refer to the 
compounds listed in Tables II to VIII. For example, the maximum index 
for 1 is 100 and for 8is3. Then 8 is 3/100 or approximately 1/30 as active 
as 1. It is to be emphasized that the maximum index of each compound is 
taken for the comparison. The formula of / and all other 4-hydroxy- 
coumarins is given only in the enol form. 

As the hydrogen atom on the methylene group is substituted by a 1 
carbon or a 2 carbon atom residue, 2 and 3, the activity decreases to } that 
of 1; a 3 carbon chain, 4, decreases it to 1/10 and a 4 or 5 carbon chain, 6 
and 8, to 1/30 that of /. 

Branching in the carbon chain, 5 and 7, decreases the activity to about 4 
that of the corresponding straight chain compound. The introduction of 
a phenyl group, 9, on the methylene carbon bridge reduces the activity to 
1/300 that of 1. Substitution into this aromatic group of hydroxyl or 
amino residues, 1/0, 11, 12, and 13, affects the activity of the parent sub- 
stance, 9, only slightly. When the phenyl group is located farther from the 
bridge methylene carbon as in 14 and 14, the activity becomes greater than 
in the parent substance 9. Substitution of a carboxyl group on the 
methylene bridge, 16, greatly increases the solubility but the activity 
decreases to 1/500 that of /. 

When 2 molecules of / are joined through their methylene groups by a 
4 carbon atom bridge, 17, the activity decreases to 1/1000 that of J. In 
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3 ,3’-thiobis(4-hydroxycoumarin), 18, the methylene group of 1 has been 
replaced by a sulfur atom. This compound exhibits 1/20 the activity of 1. 

When monoesters, organic or inorganic (II), and monoglucosides of the 
bis-4-hydroxycoumarins are neutralized, immediate formation of the 
biologically inactive anhydride compounds (III) occurs (9, 12). Since 
conjugations with sulfuric acid or d-glucuronic acid are routes for the de- 
toxication of enols in vivo, it is conceivable that the bis-4-hydroxycou- 
marins might be inactivated via this mechanism. Anhydride formation 
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is facilitated by the substitution of the methylene carbon atom (9). De- 
hydration proceeds most readily in compound 9, which is also the most 
inactive compound of its class. Hence, efficient, rapid detoxication via 
anhydride formation may account for the decrease in anticoagulant activity 
of the bis-4-hydroxycoumarins as the methylene carbon atom is substituted. 

8-Substituted 4-H ydroxycoumarins—3 ,3'-Methylenebis(4-hydroxycouma- 
rin) is a 3-substituted 4-hydroxycoumarin in which the substituent group 
contains another 4-hydroxycoumarin residue. In view of this, a number 
of 3-substituted 4-hydroxycoumarins were prepared (7). The anticoagu- 
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lant activity of these compounds is given in Table III. They have the 
general structure of (IV). The highest activity among the simple 3-alkyl- 
and 3-aryl-4-hydroxycoumarins is exhibited by 3-hexadecyl-4-hydroxy- 


Taste III 




















Anticoagulant Activity of 3-Substituted 4-Hydroxycoumarins 
Relative Dosage for 
Compound anticoagulant maximum 
| index index 
| ~ | 
nS » 15 ob an kb en bsndenes esas ace seseaes 0.12 200 
20. 3-Methyl-4-hydroxycoumarin........................ 0.10 500 
21. 3-Ethyl-4-hydroxycoumarin........................... 0.05 1000 
22. 3-Propyl-4-hydroxycoumarin.......................... 0.08 500 
23. 3-Isopropyl-4-hydroxycoumarin....................... 0.08 500 
24. 3-Butyl-4-hydroxycoumarin......................6.05. 0.09 200 
25. 3-Amyl-4-hydroxycoumarin.................... ee 0.24 200 
26. 3-Hexadecyl-4-hydroxycoumarin..................... 1.5 50 
27. 3-Phenyl-4-hydroxycoumarin................. heats 4. 1.2 50 
28. 3-Benzyl-4-hydroxycoumarin..................... 1.1 50 
29. 3-Acetyl-4-hydroxycoumarin.................... seis 1.0 = «60 
30. 3-Benzoyl-4-hydroxycoumarin.................... .... Inactive at 500 | 
31. 3-Carboethoxy-4-hydroxycoumarin..................... 0.12 | 200 
82. 3-Cyano-4-hydroxycoumarin.................. Inactive at 500 
33. 3-[6-Oxo(1)benzopyrano(4,3-b)(1)benzopyran-7- -yl] 4. 
So, Ds nd comes oe obiens ; 6.5 50 
34. 3-[6-Oxo-10-hydroxy (1)bensopy rano(é, 3- b)(1) benzo- 
pyran-7-yl|-4-hydroxycoumarin................ .| Inactive at 500 
35. 6-Oxo-7-benzoylmethyl(1)benzopyrano(4,3-b) (1) bea- 
Nes eet waeR Lust Ok woke. vsti. * 500 
36. 6-Oxo- 7-salicylylmethyl(1) benzopyrano(4,3- b)(1)ben- 
ee. Milas aii a oneen end epabens benbe 0.11 500 
87. 3-Oximino-4- chy EL «9 veswes bbdhaeetaeaas Inactive at 500 
$8. 3-Nitro-4-hydroxycoumarin........................... - 7 500 
39. 3-Bromo-4-hydroxycoumarin.......................... . = 500 
40. 3-(a-Methyl-8-acetylethyl)-4-hydroxycoumarin........ 0.8 50 
41. 3-(a-Phenyl-8-benzoylethy])-4-hydroxycoumarin....... 6.0 5 
42. 3-(a-Phenyl-8-acetylethyl)-4-hydroxycoumarin........ 21 5 | 
48. 3-[a- (p-Methoxyphenyl) -8-acetylethyl]-4-hydroxycou- 
marin. DPMELUT Cp asaaacs ctsene> otesers st soe 50 5 
44. 3-la-(p- Hydroxy- m-methoxy phenyl) -8-acetylethyl|-4- 
NOD, Foiiidy.g Wiss Ca W5 d's AL belive ives 12 5 





coumarin, 26, 3-phenyl-4-hydroxycoumarin, 27, and 3-benzyl-4-hydroxy- 
coumarin, 28. They are about 1/80 as potent as /. As the size of the 
3-substituent decreases, the activity is reduced. 4-Hydroxycoumarin, 19, 
has 1/800 the activity of 7. Minimum activity in this class is reached with 











ae 











3-ethyl-4-hydroxycoumarin, 
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21, and 3-propyl-4-hydroxycoumarin, 22. 


It should be indicated that the maximum activity of compounds 19 to 29 
in this class is usually reached 24 hours after administration and normal 














TaBie IV 
Anticoagulant Activity of Esters, Ethers, and Acetals of 4-Hydroxycoumarins 
Relative e for 
Compound anticoagulant maximum 
index index 
meg. 
45. 3,3-Methy lenebis(4- hydroxycoumarin) diacetate....... 2.5 50 
46. dipropionate. . 0.8 50 
47. . di-n-butyrate... - 1.7 50 
48. - diisobutyrate... 5.0 50 
49. ” di-n-valerate.. . 0.8 500 
50. . diisovalerate. . .| 0.1 500 
51. « dicaproate..... | 0.4 200 
52. ™ diheptanoate.. | Inactive at 500 
58. - ditrimethylac- | 
GRGRD 0 600s cnnsncsscddconeeeee beeen = a 500 
54. 3 8-Methylenebia(4- hydroxycoumarin) dibenzoate..... 0.1 500 
56. disalicylate.....| 1.5 50 
56. m diacetylealicyl-| 
GAD vn cns secede ss tdiucishsnnddactiniedendeteee | Inactive at 500 
57. 3,3-Methylenebis(4-hydroxycoumarin) monodimethyl- | 
STOOD 02 060.000 «Deak s ode inci ie hencehaabnncieell 1.5 200 
58. 3,3-Methylenebis(4-hydroxycoumarin) monomethyl 
GAGE onde crendpscsasctandctecedeeeieteaaeee 5.3 500 
59. 3,3-Methylenebis(4-hydroxycoumarin) dimethy] ether. | 1.1 200 
60. 3-Phenyl-4-hydroxycoumarin acetylsalicylate..........| 0.6 200 
61. 3-Phenyl-4-methoxycoumarin......................055 | Inactive at 500 
62. 3-(a-Phenyl-8-acetylethyl)-4-methoxycoumarin........| 3.8 50 
63. 2-Methyl-2-methoxy-4-phenyl-5-oxodihydropyrano- __ 
(B:S-ep(i Remsen GUAR. 05.5 bide ceetbeddidignccs cs 60 5 
64. 2-Methy]-2-ethoxy-4-phenyl-5-oxodihydropyrano-(3,2- 
eee ee eee 35 5 
65, 2-Methyl-2-methoxy-4-(p-methoxypheny])-5-oxodihy- 
dropyrano(3,2-c)(1)benzopyran..................... 40 5 
66. 2-Methyl-2-methoxy-4- Pein mm. sry 
5-oxodihydropyrano(3,2-c) (1)benzopyran.. 6.0 5 








prothrombin times are ordinarily restored within 72 hours, at which time 
the bis-4-hydroxycoumarins generally show their maximum effect. The 
other active compounds in this group, 33 and 40 to 44, also have their 
maximum effect at 72 hours. 
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A noteworthy compound in this group which exhibits a relatively high 
activity, 1/15 that of 1, is 3-[6-oxo(1)benzopyrano(4 ,3-b)(1)benzopyran- 
7-yl]-4-hydroxycoumarin, 33. , The large side group in the 3 position in 

H 
O 


()" ‘* 


this compound consists of two fused benzopyran rings. The introduction 
of a hydroxyl into this complex 3-substituent, 34, causes inactivation. 
That 33 is active by virtue of being a 3-substituted 4-hydroxycoumarin 
becomes evident by the inactivity of 35 and the very low activity of 36, 
each of which contains the two fused benzopyran rings of 33 but lacks the 
4-hydroxycoumarin residue. 

3-Cyano-4-hydroxycoumarin, 32, 3-oximino-4-hydroxycoumarin, 37, 
3-nitro-4-hydroxycoumarin, 38, and 3-bromo-4-hydroxycoumarin, 39, 
are all inactive at the 500 mg. level. 

A number of 4-hydroxycoumarins containing a more complex 3-substit- 
uent were realized through a Michael type of condensation of 4-hydroxy- 
coumarin with a,8-unsaturated ketones (11). The 3-substituent contains 
a keto group in a 1,5 arrangement with respect to the 4-hydroxy group. 
These compounds typified by 40, as indicated by the parts of the formula 
in bold-faced type, have a configuration in common with the monoketo 


————  . 
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tautomer of 1 (V). The potency of this class of compounds approaches 
that of 1. Compound 40 shows 1/100 and 4/, 1/15 of the activity of /. 


H H 

} ° 

S g_o* ea ORD 
CH3 Ho H 

° 


Several compounds analogous to 3-(a-phenyl-8-acetylethyl)-4-hydroxy- 
coumarin, 42, were tested. The activity of 42 is } that of 1. Compound 
43 with a methoxyl substituted on the a-phenyl group is } as active as 1. 
When a methoxyl group and a hydroxyl group are present as substitu- 
ents, 44, the activity is } that of /. 
3-(a-Pheny]-8-salicylylethyl)-4-hydroxycoumarin, 76, derived from 3 ,3’- 
benzylidenebis(4-hydroxycoumarin), 9, by decarboxylation, exhibits 1/100 
the activity of 1, while 9 is 1/300 as active as 1. Thus in 9 a phenyl group 








O 
H | 
i a mats 
a wre 
\ 
41 
oO 
° é 
H ym, 
\——_c——cm, 
~, Ho 


76 


on the a-carbon to the 4-hydroxycoumarin moiety profoundly diminishes 
the activity, while a phenyl group situated in the same position in these 
condensation products of the Michael type does not reduce the activity. 
This may be accounted for by the fact that 9 may be readily detoxified by 
anhydride formation to 90. Anhydride formation of the Michael type of 
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condensation products has not been realized in vitro; so it is conceivable 
that they could not be detoxified readily in vivo by this route. 

Esters, Ethers, and Acetals of 4-Hydroxycoumarins—Among the diesters 
(Table IV) of 1 (VI), the acetate 45, propionate 46, n-butyrate 47, iso- 
butyrate 48, and salicylate 55 are the most potent, showing about 1/30 
the activity of the parent substance. Diesters of the higher straight chain 
aliphatic acids show progressively less potency as the chain length is in- 
creased. The diheptanoate of /, 52, is inactive. Esters of branched chain 
acids are less effective than the corresponding straight chain esters. The 
highly branched ditrimethylacetate, 53, is inactive at 500 mg. 

Among the ethers, the dimethyl ether of 1 is about 1/100 as active as the 
parent substance. At low levels, as previously reported (1), this derivative 
is inactive, the 200 mg. level being the lowest at which activity is mani- 
fested. The monomethy] ether of /, 58, shows 1/20 the activity of the 
parent substance. 

The reduced potencies of the diesters and diethers of 1 and the greater 
activity of the monomethy] ether, 58, over the dimethyl ether, 59, indicate 
that the enolic hydroxy! groups are involved in producing the anticoagulant 
effect. The increased lag period before the esters and ethers show their 
maximum action and the inactivity of the branched chain and higher esters 
suggest that these compounds act as anticoagulants after conversion by 
hydrolysis in vivo to the parent substances. Chemical studies indicate that 
the disalicylate of 1, one of the more active esters, is very readily hy- 
drolyzed (10). This ease of hydrolysis is the probable cause of the large 
difference in activity between the structurally similar disalicylate, 55, and 
dibenzoate, 54, of 1. 

Among the cyclic acetals of the Michael type of condensation products, 
65 shows # and 66, 4 the activity of the straight chain parent compounds 
48 and 44. In contrast 63, the cyclic methyl acetal of 42, is about 3 times 
as active as 42. It is to be noted that 63, the cyclic acetal of 3-(a-pheny]- 
8-acetylethyl)-4-hydroxycoumarin, 42, is 3 as active as 1, and rates second 
in activity among the compounds included in this study. The increased 
activity of 63 over 42 can be rationalized in several ways. Compound 63 
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may possess this high activity per se, or 63 after a more efficient adsorption 


than 42 is hydrolyzed to the fairly potent parent. Jn vitro, these cyclic 
acetals can be readily hydrolyzed with acids to their parent products (11). 


TaBLe V 
Anticoagulant Activity of Benzenoid-Substituted 4-H ydrozycoumarins 














Relative Dosage for 

Compound ontieapeent — 
meg. 
67. 3,3’-Methylenebis(4-hydroxy-6-methylcoumarin)...... Inactive at 200 
68. 3,3’-Methylenebis(4-hydroxy-7-methyleoumarin)...... " " 200 
69. 3,3’-Methylenebis(4-hydroxy-8-methyleoumarin)...... 1.1 200 
70. 3,3’-Methylenebis(4-hydroxy-6,7-benzocoumarin)......| Inactive at 200 
71. 3,3’-Methylenebis(4-hydroxy-6-bromocoumarin)....... = = 200 
72. 3,3’-Methylenebis(4,6-dihydroxycoumarin)............ ‘2 ry 200 
73. 3,3’-Methylenebis(4,7-dihydroxycoumarin)............ ” - 200 
74. 3-Phenyl-4-hydroxy-6-bromocoumarin................. 0.9 500 
75. 4-Hydroxy-6-methylcoumarin....................60005 Inactive at 200 





Benzenoid-Substituted 4-Hydroxycoumarins—Of the benzenoid-substi- 
tuted methyl homologues of / only 69 shows slight activity (Table V). 
Fusion of another benzene ring to the 4-hydroxycoumarin residue, 70, 
results in inactivation. 
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Introduction of a hydroxyl in the benzene rings of / as illustrated by 72 
destroys the activity; 73 is also inactive. The 6-bromo derivative, 7/, is 
inactive, but in contrast 3-phenyl-4-hydroxy-6-bromocoumarin, 74, shows 
1/100 the activity of 7. The lack of significant potency in this series indi- 
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O 
74 
cates clearly that this slight modification in the structure of 1 destroys the 
anticoagulant activity. This effect by benzenoid substitution of hydroxy], 
benzo, and methyl groups on / is reminiscent of the inactivation of the anti- 
hemorrhagic properties of 2-methyl-1 ,4-naphthoquinone (14) by analogous 
structural changes. 

Degradation Products of 3 ,3'-Methylenebis(4-hydroxycoumarin) and Re- 
lated Compounds—Anticoagulant activity in the 4-hydroxycoumarin group 
is restricted to in vivo action. Furthermore a lag period of from 12 to 24 
hours exists before the activity becomes detectable. One possible explana- 
tion for this is that activity is dependent on biochemical change in the ani- 
mal body (15). Hence the products realized from certain bis-4-hydroxy- 
coumarins and 4-hydroxycoumarin by chemical degradation in vitro were 
tested. 

When the bis-4-hydroxycoumarins are treated with alkali (16), the lactone 
rings are opened stepwise and the resulting 8-keto acid is decarboxylated 
first to products of the type represented by 76 and then to 1,5-diketones 
like 79 (Table VI). Further degradation leads to salicylic acid, 80 (15). 
All of these products were inactive in the rabbits used at levels up to 500 
mg. Compound 76, which contains one intact 4-hydroxycoumarin residue, 
showed 1/100 the activity of 1. The 1,5-diketones from biscoumarins 
77, 78, and 79, representing the next stage of degradation, are inactive, 
and o-hydroxyacetophenone, 82, obtained by a comparable degradation of 
4-hydroxycoumarin, is inactive. Other diketones, 83 and 84, and o- 
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Tasie VI 


Anticoagulant Activity of Degradation Products of 3 ,3'-Methylenebis- 
(4-hydrozycoumarin) and Related Compounds 














Compound a ~ 4+ 

index index 

me. 

76. 3-(a-Phenyl-8-salicylylethyl)-4-hydroxycoumarin...... 1.1 200 
77. 1,3-Disalicylylpropane...............sceccccecsececess Inactive at 500 
78. 1,3-Disalicylyl-2-methylpropane..................-... ” - 500 
79. 1,3-Disalicylyl-2-phenylpropane...................... " ai 500 
BP, GRIND OI cn icee cccnsesescesacemaeiuiaesss 0denus a ” 500 
81. Methylenebis(salicylic acid)...................6.0005. ¥ * 500 
8&2. o-Hydroxyacetophenone..............-6-.6-e00eceeee: sp a 500 
> 2 SII, « ad ncn sasenssbessncunsatie + > +g ° > 500 
is RIC cess crchosckbcnnsesoe seo sekens oven “ ” 500 
85. Benzal-o-hydroxyacetophenone. . . Wes VOR " - 500 
86. o-Hydroxybensal-o-hydroxyseetophenone.... oak % ei 500 
87. Benzalacetophenone........... 6.66.66. eee e eee eee nee " nef 500 
88. 3,3’-Methylene-4,4’-epoxydicoumarin................. os = 500 
89. 3,3’-Ethylidene-4,4’-epoxydicoumarin................. a - 500 
90. 3,3’-Benzylidene-4,4’-epoxydicoumarin................ x5 500 
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hydroxyketones, 85 and 86, showed no activity at the 500 mg. level. 
Certain a,8-unsaturated ketones, 85 and 87, that gave active products 
when condensed with 4-hydroxycoumarin via the Michael type of reaction 
are inactive. The significance of salicylic acid, 80, which does not exhibit 
activity in the rabbit when single doses up to 500 mg. are fed, will be dis- 
cussed later. 

The bis-4-hydroxycoumarins can be dehydrated by the removal of a mole 
of water between the two enolic hydroxyl groups to form substituted 1 ,4- 
pyrans (9) of the general structure represented by (III). These anhy- 
drides, 88, 89, and 90, are inactive. 

1,5-Dienols and Other Enols and Ketones—The aldehyde condensation 
products of 4-hydroxycoumarin contain a 1,5-dienol system, tautomeric 
with the corresponding 1,5-diketone system. Hence a group of 1,5- 


Taste VII 
Anticoagulant Activity of 1,5-Dienols and Certain Enols and Ketones 





| Dosage for maximum 
index (at which anti- 


coagulant was 
inactive) 


Compound 





. Methylenebis(ethyl benzoylacetate)........................ 
. Methylenebis(tetronic acid)...................0.0.000ccceee 
. 3,3’-Methylenebis(4-hydroxy-6-methyl-a-pyrone)...........| 
. Methylenebis(indanedione)..............................5.. | 
. 3,3’-Methylenebis(6,6-dimethyldihydroresorcinol).......... 
a ge Ry sia 
ale oto odaadeekceveescacdovaveseus 
EE SR OS ee ne | 
ee ae | 


SESSSERRE 
SSESSsess: 





dienols was tested. Because of the activity of the simple 4-hydroxycou- 
marins, compounds having a keto or enol grouping a to the benzene ring 
were also examined. The activities of these products are listed in. Table 
VIL. 

Methylenebis(ethyl benzoylacetate), 91, differs from / in that the lactone 
oxygen ring has been detached from the benzene ring and esterified with 
ethyl alcohol. Methylenebis(tetronic acid), 92, has a 5-membered lactone 
ring and lacks the benzenoid group of 1. 3,3’-Methylenebis(4-hydroxy-6- 
methyl-a-pyrone), 93, has the benzenoid group of 1 replaced by a hydrogen 
atom and a methyl group. Methylenebis(indanedione), 94, lacks the 
lactone oxygen of /. 

In spite of the grouping that these 1,5-dienols have in common with 
3 ,3’-methylenebis(4-hydroxycoumarin), they are all inactive. 
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Certain a-pheny] enols and ketones were tested. Indanedione, 96, lacks 
the lactone oxygen of 4-hydroxycoumarin. Coumaranone, 97, lacks the 
carbonyl group of the keto form of 4-hydroxycoumarin. Chromanone, 
98, has the carbonyl oxygen of the lactone ring of 4-hydroxycoumarin 
replaced by hydrogen atoms. Naphthoresorcinol, 99, has the lactone 
oxygen of 4-hydroxycoumarin replaced by a methylene group. All of 
these compounds are inactive at the 500 mg. level. 
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The inactivity of the compounds in this class makes it apparent that the 
4-hydroxycoumarin structure, a nucleus of fused benzenoid and a-pyrone 
rings with an enolic hydroxyl on the a-pyrone ring, a to the benzene ring, 
is necessary for anticoagulant activity. 

Diketochromans and Coumarins—4-Hydroxycoumarin derivatives have 
been prepared in which the keto member of the keto-enol pair of tautomers 
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is stabilized; namely, 100 and 101. They are inactive (Table VIII). 
When one of these, 3-(o-hydroxybenzal)-2,4-diketochroman, 100, is con- 
densed with 4-hydroxycoumarin, the active 3-[6-oxo(1)benzopyrano(4 ,3- 
b)(1)benzopyran-7-yl]-4-hydroxycoumarin, 33, is formed. The activity 











Taste VIII 
Anticoagulant Activity of Various Diketochromans and Coumarins 

Relative Dosage for 

Compound anticoagulant maximum 
index index 
100. 3-(o-Hydroxybenzal)-2,4-diketochroman......... ...| Inactive at 200 
101. 3-(0, p-Dihydroxybenzal)-2,4-diketochroman.......... - as 500 
102. 3-Phenyl-4-aminocoumarin........................... ' “ 500 
108. 3,3’-Methylenebis(coumarin)......................... - - 200 
104. 3,3’-Carbonylbis(coumarin).................... TT corey - . 200 
a ae a a a : . 500 
itil ell ccnembianinid soteetioeweneloede 0.02 500 





of 33 can be attributed to the fact that it has the 4-hydroxycoumarin 
structure. 
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Replacement of the enolic hydroxyl of 3-phenyl-4-hydroxycoumarin, 
27, which is active, by an amino group, 102, inactivates the molecule. 
Another indication of the necessity of the enolic hydroxyl group is the 
inactivity of 3,3’-methylenebis(coumarin), 103. Other biscoumarins, 
104 and 105, not containing the 4-hydroxy group showed no activity at the 
200 and 500 mg. level respectively. 

Coumarin, 106, exhibits a barely detectable action at the 500 mg. level, 
the activity being 1/5000 that of 1. The least active compounds in the 




















OVERMAN, STAHMANN, HUEBNER, SULLIVAN, SPERO, 21 
DOHERTY, IKAWA, GRAF, ROSEMAN, LINK 


4-hydroxycoumarin class, e.g. 17, 21, 50, and 54, are approximately 5 times 
more active than coumarin. When 500 mg. of coumarin were fed, the 
increase in prothrombin time over the normal value was 3 seconds. The 
feeding of three additional 500 mg. doses at 12 hour intervals (total 2.0 
gm.) did not further increase the prothrombin time. In fact the normal pro- 
thrombin values were restored in this interval. The feeding of single 
massive doses of coumarin (2.5 gm.) usually causes death under the condi- 
tions of our bioassay within 24 hours, owing to narcotic action, without 
visible hemorrhage (17). This is in accord with the findings of Roderick 
who fed coumarin to rabbits at high levels over a period of days and caused 
death, but no lesions indicative of hemorrhages were found ((18) p. 45). 
Furthermore, in agricultural practice, large numbers of cattle and other 
live stock when on sweet clover pasture or on well cured sweet clover hay 
ingest daily considerable quantities of coumarin,? with apparently no effect 
on the clotting power of the blood. The hemorrhagic sweet clover disease 
arises only from the feeding of damaged sweet clover hay or silage which 
contains 3 ,3’-methylenebis(4-hydroxycoumarin). 


DISCUSSION 


The relative hypoprothrombinemia-inducing capacity of 106 compounds 
in the 4-hydroxycoumarin class or related to it was appraised.* The 
causative agent of the hemorrhagic sweet clover disease of cattle, 3 ,3’- 
methylenebis(4-hydroxycoumarin), /, is rated the most active of all the 
compounds studied. This assignment is on the basis of the maximum 
response per mM of test substance evoked by a single oral dose, with stand- 
ardized rabbits as the test animal. 

Nine 4-hydroxycoumarins showed about 1/10 to } the activity of 1 at the 
5 mg. level. The compounds with relatively high potency are of two 
general types. The most potent bis-4-hydroxycoumarins are the 3,3’- 
methylene-, 1, 3,3’-ethylidene-, 2, 3 ,3’-propylidene-, 3, 3 ,3’-butylidene-, 
4, and 3,3’-thiobis(4-hydroxycoumarin), 18. The second type is a 3- 
substituted 4-hydroxycoumarin with the 3-substituent containing a keto 
group in the 1,5 position with respect to the 4-hydroxyl group. They are 
3-(a-phenyl-8-benzoylethy])-4-hydroxycoumarin, 41, and 3-(a-phenyl-6- 
acetylethyl)-4-hydroxycoumarin, 42, and two analogues, 43 and 44, having 
substituents on the a-phenyl group. The acetals of these compounds also 
show relatively high activity. The structural interrelationships between 
the two types have been indicated above. 

? Sweet clover hay made from the common varieties of Melilotus usually contains 


1.5 to 2.0 per cent coumarin on the dry weight basis. 
* More than 150 compounds were included in this study. 
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In general, substitution on the benzenoid ring of these anticoagulants 
completely destroys the activity. Two minor exceptions showing slight 
activity are 3,3’-methylenebis(4-hydroxy-8-methylcoumarin), 69, and 
3-phenyl-4-hydroxy-6-bromocoumarin, 74. 

Fifty of the compounds studied show low activities which are manifested 
only when the dose is 50, 200, or 500 mg. The activities in this group are 
from 1/50 to 1/1000 of that exhibited by /. 

The molecular structure necessary for anticoagulant activity, as tested in 
the rabbit with single doses given orally, is evident from an inspection of 
the formula. The minimum structural requirements are an intact 4-hy- 
droxycoumarin residue, the 3 position being substituted by a carbon residue 
or a hydrogen atom. Every compound fulfilling these requirements is 
active. 

For high activity a bis-4-hydroxycoumarin structure or a related type 
structure (the Michael type of condensation products) having the similar 
1,5 spatial relationship between the enolic hydroxyl group of 4-hydroxy- 
coumarin and a keto group is specifically required. Any alteration of this 
structure results in a decrease in activity. Compounds containing only 
one 4-hydroxycoumarin residue with an alkyl or aryl group in the 3 position 
(19 to 28) show greatly diminished activities. Any change made in the 
fused ring system composing this fundamental 4-hydroxycoumarin residue 
causes a complete loss of activity. 

Of the compounds listed here the work by Jansen and Jensen (4) included 
1, 2, 19, 20, 77, 92, 93, 94, and 95, that of Lehmann (5) 1, 2, 16, 19, 20, and 
45, and Fantl’s (6) 1, 2, and 20. The relative potencies assigned by them 
to these compounds are substantially in agreement with our findings. 

We recently indicated that single doses of salicylic acid administered 
either orally or intravenously to rats maintained on a basal artificial ration 
low in vitamin K induce a temporary hypoprothrombinemia comparable 
in all respects to that caused by 3,3’-methylenebis(4-hydroxycoumarin) 
(15). Furthermore after continued feeding of salicylic acid the hemor- 
rhagic manifestations resembling those of the sweet clover disease in cattle 
developed, which eventually became fatal (18). The activity of salicylic 
acid in the rat is approximately 1/25 that of 1. This evidence and the fact 
that all of the compounds that showed anticoagulant activity contain the 
salicylyl configuration and yield (theoretically and actually) salicylic acid 
on oxidation in vitro suggested that the 4-hydroxycoumarin anticoagulants 
might be metabolized in the body to salicylic acid and thereby exert their 
hypoprothrombinemia-inducing properties. Sustaining support for this 
suggestion has come from the clinical studies of Meyer and Howard (19), 
Shapiro, Redish, and Campbell (20), and Rapoport, Wing, and Guest (21), 
who have recently demonstrated that the commonly used salicylates 
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(sodium salicylate and acetylsalicylic acid) induce hypoprothrombinemia 
in man.‘ It has been noted in this laboratory that benzenoid substitution 
(methyl, hydroxyl, bromo, and benzo groups) generally destroys the anti- 
coagulant activity of salicylic acid as well as that of the highly potent 
3 ,3’-methylenebis(4-hydroxycoumarin). 

The inactivity of relatively high single oral doses of salicylic acid in the 
rabbit and dog (species in which avitaminosis K cannot be induced readily 
(15)) and other issues do not permit an unqualified acceptance of the 
salicylic acid thesis at present. As yet the experimental facts through 
which it can be definitely affirmed or refuted have not come to hand, but 
work continues in this laboratory designed to answer the question. 


SUMMARY 


1. On the basis of the hypoprothrombinemia evoked by a single oral 
dose with standardized rabbits as the test animal, 3 ,3’-methylenebis(4- 
hydroxycoumarin) is rated the most potent anticoagulant of the 4-hydroxy- 
coumarin class. 

2. The minimum structural requirements for activity are an intact 
4-hydroxycoumarin residue, with the 3 position substituted by a carbon 
residue or a hydrogen atom. 

3. For high anticoagulant potency the bis-4-hydroxycoumarin molecule 
or a 4-hydroxycoumarin with the 3-substituent containing a keto group in 
the 1,5 position with respect to the 4-hydroxyl] group is necessary. 


The bulk of the 4-hydroxycoumarin used in this study was kindly sup- 
plied by the Abbott Laboratories, North Chicago, Illinois, through 
Messrs. E. H. Volwiler and Carl Nielsen and Eli Lilly and Company, 
Indianapolis, Indiana, through Messrs. H. W. Rhodehamel and J. P. 
Scott. 

We are indebted to Messrs. Lester D. Scheel, Earl J. Larsen, and Jackson 
J. Clemmons who willingly endured the routine of the many bioassays 
involved in this study and also cared for the rabbit colony with devotion. 


(K. P. L.) 
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REVERSIBLE INACTIVATION OF ADENOSINE- 
TRIPHOSPHATASE 


By MORRIS ZIFF 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, December 4, 1943) 


In the course of a study of the adenosinetriphosphatase activity of native . 
myosin, it was observed that myosin preparations from which samples were 
regularly removed showed a continuous decrease in activity. On addition 
of cysteine or glutathione, enzymatic activity was restored. To determine 
whether oxidation played a part in this loss of activity, native myosin solu- 
tions were treated with dilute hydrogen peroxide in the cold. As a result, 
adenosinetriphosphatase activity was greatly reduced. The oxidized en- 
zyme could be reactivated by cysteine, glutathione, and, to a lesser extent, 
ascorbic acid. Similar reactivation of adenosinetriphosphatase by gluta- 
thione, following treatment of myosin with potassium chloromercuriben- 
zoic acid, has recently been reported by Barron and Singer (1). 


EXPERIMENTAL 


Myosin was prepared from the leg muscles of rabbits according to Green- 
stein and Edsall (2). The monobarium salt of adenosine triphosphate 
(ATP) was prepared by the method of Kerr (3). The easily hydrolyzable 
P content was 67.6 per cent of the total P. The barium salt was converted 
to the sodium salt by treatment with sodium sulfate. The procedure used 
in measuring adenosinetriphosphatase activity is similar to the one previ- 
ously described by the author (4). Determinations were carried out in 
Sérensen’s borate buffer at pH 8.6 (5). Inorganic phosphate was deter- 
mined colorimetrically by the method of Fiske and Subbarow (6). Because 
of the instability of adenosinetriphosphatase at room temperature in the 
absence of ATP (7), it was necessary to add the various reagents investi- 
gated to cold solutions of myosin. Following addition of ATP, enzymatic 
hydrolysis was carried out at 37°. 

Activation of Stored Myosin—The ability of l-cysteine (used as the hydro- 
chloride), glutathione, and J-ascorbic acid to restore the adenosinetri- 
phosphatase activity of stored myosin solutions' is described in Table I. 


! The volume of Sample 1 (Table I) was 10 cc. and that of Sample 2 was 150 cc. 
They were kept at 4° in a refrigerator and contained a trace of toluene added as 
preservative. Each was opened frequently for the removal of samples. It was 
found that solutions of relatively smaller volume showed more rapid decreases in 
activity. It was also observed that the contents of flasks which were not opened for 
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These substances in 0.1 cc. of buffered solutions were added to 1.9 cc. of 
myosin (0.12 mg. of N per cc.) in chilled borate buffer of pH 8.6. After 
incubation for 20 minutes in an ice bath under nitrogen, 1 ec. of ATP 
(containing the equivalent of 1 mg. of the barium salt) was added and 
hydrolysis was allowed to proceed at 37° for 20 minutes. 2 cc. of 10 per 
cent trichloroacetic acid were then added, the protein precipitate was 
removed by centrifugation, and inorganic phosphate was determined. 
Appropriate control experiments were carried out (see Table I). 


TaBLe I 
Effect of Reducing Substances on Adenosinetriphosphatase Activity of Myosin 
Corrected for non-enzymatic hydrolysis. 








Sample No.* et | P liberated Reducing agent P liberated 
days ¥ me. | Y 
1 2 18 | Cysteine 15 30 
| 3 | 16 ? 5 | 38 
8 8 Ascorbic acid 10 14 
2 23 13 Glutathione ee ae 





* See foot-note 1. 


Taste II 


Reversal by Reducing Substances of Inactivation of Adenosinetriphosphatase 
by Hydrogen Peroxide 


Corrected for non-enzymatic hydrolysis. 











Enzyme system P liberated 

7 
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SP I ccc cccccscccccucseaes 27 
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a ee i | 10 





Oxidation of Adenosinetriphosphatase—The inactivation of adenosine- 
triphosphatase on aging suggested investigation of the influence of mild 
oxidation on the enzymatic activity and the possibility of reversing the 
oxidation by means of reducing substances. To 1.8 cc. of a cold buffered 
myosin solution (0.12 mg. of N per cc.), 0.1 cc. of 1 per cent hydrogen perox- 
ide was added. The mixture was allowed to stand for 20 minutes in the 





long periods of time showed only small decreases in adenosinetriphosphatase activity 
which were not reversible by cysteine or glutathione. 
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cold, and 0.1 cc. of catalase* solution (0.15 mg. per cc.) was then added. 
The tubes were shaken in the cold for 15 minutes to decompose unchanged 
hydrogen peroxide. The reducing solution (see Table II) was then added 
in a volume of 0.1 cc., and, after 15 minutes in an ice bath, 1 cc. of adeno- 
sinetriphosphatase solution was added. Enzymatic hydrolysis was then 
allowed to proceed at 37° for 25 minutes. 

When myosin was oxidized by 0.05 per cent iodine in 1 per cent potassium 
iodide solution in the manner described above for hydrogen peroxide, the 
adenosinetriphosphatase activity was reduced 71 per cent. 

Effect of Guanidinium Ion—In view of the finding of Greenstein and 
Edsall (2) that guanidine salts in low concentration caused the disappear- 
ance of the birefringence of flow of myosin, it was of interest to determine 
the effect of similar treatment on the adenosinetriphosphatase activity. 
According to the procedure described, 0.2 cc. of guanidine solution was 
incubated with 1.8 cc. of buffered myosin in the cold. It was observed that 
in the presence of 0.15 m guanidine hydrochloride the adenosinetriphos- 
phatase activity as per cent of the control was 57; with 0.30 m guanidine 
salt, it was 24 per cent. 


DISCUSSION 


Greenstein and Edsall have observed that the —SH content of native 
myosin solutions slowly diminishes on standing. The cysteine equivalent 
of one of their preparations fell from 0.41 to 0.30 per cent in 2 weeks at 4°. 
In view of the activation of stored adenosinetriphosphatase by cysteine and 
glutathione, it would appear that decreasing enzymatic activity might be 
attributed to a fall in —SH content. Activation by sulfhydryl-containing 
substances has long been known in the case of the “papainases”’ (8), cer- 
tain dehydrogenases (9), and other enzymes (1). 

Needham (10) has found that iodoacetic acid does not inhibit the activity 
of adenosinetriphosphatase, and has concluded that the sulfhydryl group 
is not essential for activity. Her observations may be reconciled with 
those here reported if one assumes that iodoacetic acid merely blocks the 
—SH group without producing cross-linkages, whereas inactivation results 
from the formation of —SS— bridges. The latter change might render 
inaccessible to phosphorylation (11) those functional groups on the enzyme 
which are involved in catalysis. Dixon (9) has called attention to the lack 
of parallel between the effects of oxidized glutathione and iodoacetic acid 
on the —SH content of enzymes. In explaining the effects of glutathione 
and cysteine, one must also consider the possibility of direct combination 
of these substances with the enzyme, as has been reported by Lohmann for 
glutathione and methylglyoxalase (12). 

The experiments here reported; in which hydrogen peroxide was followed 


? This was horse liver catalase obtained from Dr. Kurt G. Stern. 
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by cysteine and glutathione, demonstrate reversal by sulfhydryl-containing 
substances of the oxidation of adenosinetriphosphatase. Following treat- 
ment with hydrogen peroxide, the activity of the enzyme fell 65 to 75 per 
cent. Cysteine and glutathione restored full activity. Ascorbic acid was 
relatively weak in this respect, however. Because of the known instability 
of adenosinetriphosphatase in the absence of ATP, the incubations with 
hydrogen peroxide and activating agents were carried out in an ice bath. 
Following the incubation with hydrogen peroxide, catalase was added to 
destroy unchanged peroxide and thus prevent interference in the subse- 
quent hydrolysis at 37°. 

It is difficult to evaluate a possible biological réle of reversible inactiva- 
tion of adenosinetriphosphatase. It would appear that this enzyme, in 
the oxidized state, loses its ability to catalyze the interaction between 
ATP and the muscle fibril. It has been suggested (11, 13) that reaction 
with ATP induces relaxation of muscle fiber. 

One might conceive that myosin in relaxed muscle is maintained in the 
phosphorylated (extended) state as a result of a continuous process of 
phosphorylation and dephosphorylation which maintains a fairly constant 
number of phosphate groups on the myosin fiber at any given time. Oxida- 
tion and reduction of the adenosinetriphosphatase would be expected, 
from the results here reported, to determine the rate of phosphorylation 
of the myosin. Thus, the extent of phosphorylation of the myosin fibril 
and, consequently, its state of contraction would be dependent upon the 
oxidation-reduction potential of the cell. 

As has been reported in the study of papain (8), there appeared to be two 
types of inactivation of adenosinetriphosphatase on standing. In addition 
to the formation of an inactive but activatable form, there occurred a 
progressive irreversible loss in activity. A 2 month-old solution which had 
lost most of its activity and which had not been exposed to air for 4 weeks 
could not be activated significantly by glutathione, although calcium ion 
produced a 30 per cent increase in activity. 

The inhibiting effect of low concentrations of guanidine salt (0.15 m) 
is of interest, because it is in this range of guanidine concentration that 
myosin loses its birefringence of flow (2). Study of the effects of dena- 
turants on adenosinetriphosphatase may be helpful in establishing whether 
adenosinetriphosphatase and myosin are identical. The inhibiting effect 
of guanidine is also of interest in connection with its marked contractile 
reactions on muscle and its beneficial effects in the treatment of myasthe- 


nia (14). 
SUMMARY 


When native myosin is stored, there is a decrease in adenosinetriphos- 
phatase activity which is in part reversible by cysteine and glutathione. 
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Adenosinetriphosphatase is inactivated by oxidation with dilute hydrogen 
peroxide in the cold, and subsequently restored to activity by cysteine or 
glutathione. Ascorbic acid effects only partial reactivation. Guanidine 
salts in 0.15 m concentration inhibit adenosinetriphosphatase. 
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DENATURATION OF THE GONADOTROPINS BY UREA 
By FRITZ BISCHOFF 


(From the Chemical Laboratory, Santa Barbara Cottage Hospital Research Institute, 
Santa Barbara) 


(Received for publication, December 15, 1943) 


Attempts to correlate the differences in physiologic response to the gonado- 
tropins in terms of structural differences, according to the concept of atomic 
linkage, have been unsuccessful (1). Chemical studies have invariably 
brought up the problem of denaturation, with the subsequent changes in 
secondary valence effects. While it is known that the gonadotropins are 
subject to denaturation, a comparison of a denaturation under standardized 
conditions of time, temperature, and concentration! has not been under- 
taken. 

The present report is a study of the influence of 40 per cent (by weight) 
aqueous urea solution on the inactivation of pregnant mare serum, human 
chorionic, and sheep pituitary gonadotropins at 37.5° + 0.1° and pH 
7.2 + 0.2. 


EXPERIMENTAL 


Hormones and Assay Procedures—The sheep pituitary and chorionic 
gonadotropins were stable powders prepared in this laboratory by fractional 
alcohol precipitation. It was originally planned to precipitate the sheep 
gonadotropin from the diluted urea solution with tannic acid after the reac- 
tion period and use the tannate for the bioassay. It was found, however, 
that tannic acid did not precipitate the gonadotropin quantitatively from 
a 5 per cent urea solution. The gonadotropin was precipitated quantita- 
tively by copper from a 5 per cent urea solution at pH 8.5 (see the control 
in Table II). The assay was performed by using 0.5 mg. of copper as 
copper sulfate per rat per dosage level. The reference assay curve is given 
in Table I. One experiment is given in which the assay was performed by 
measuring the degree of antagonism (3). The chorionic gonadotropin 
assayed approximately 100 1.v. per mg. Uterine weight served as the 
objective measure for the assay of the reaction product (4). Eight to ten 
rats were used per dosage level in the assays for the pituitary and chorionic 
gonadotropins and an equal number of litter mates was used for a simul- 
taneous assay of untreated material which was subjected to the same 


1 It is equally true that concentration has not been considered in chemical studies; 
so that various deductions (2) must be based on the assumption that reactions with 
ketene, nitrous acid, etc., are of the first order. 
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conditions of temperature and pH in isotonic solution. The measure of 
probable error was calculated in the usual manner from the standard 
deviation of the means of the control and experimental material. Since, 
however, there is a degree of correlation in the response to litter mates, the 


Taste I 
Standard Assay Curve for Sheep Gonadotropin 











Dosage level Mean ovarian weight Mean uterine weight 
mg. | mg. | mg. 
1.00 98 +7 
0.50 | 4243 
0.33 | 2442 
0.25 | 17 + 1.6 | ill + 6 
0.10 12 + 0.8 | 99 +3 
0.05 | 12 + 1.0 | 29 + 2 
0.0 12+ 0.8 | 16+ 1 
Taste II 


Inactivation of Sheep Pituitary Gonadotropin to 40 Per Cent Aqueous Urea 
Solution at 37.5° 





| 














. io of Mean* igh . 
Py aa to por Can Estimated 7... Pama. 
per cent experi- | recovery of| for 95 per | ¢ ~~) — 
eoletien — Control dose | Experimental dose hormone —s | cent urea 
meg. per cc. me. mg. per cent | per cent | Ars. 
10 | 10 | 849 (0) | B41 (0.) | 100 | 20 | of 
10 1.0 76 + 6 ™ 5l+ 3 PS! i 7 | 14 | 0.25 
0 | O58 | 845 “ | eS “ | 4 | 6 | (0.67 
10 0.5 42+ 6 a 46+ 7 e- 53 10 1.0 
10 1.0f 38 + 5 - 52+ 6 7 60 32 1.0 
10 | 0.33 M+2 “ |24+3 “ !| 322 6 | 2.0 
20 ow 4+2 “ | 19+ 3 “| 27 6 | 2.0 
11+6 (u.) | 68+ 5 (u.) fit I 
>| 0.2 | 1741.60.) | 4+ 1.0(0) 7 |, oS] 











0. indicates assay performed by measuring ovarian weight; u. by measuring 


uterine weight. 
* Mean plus the standard deviation of the mean. 
t Control for the presence of urea in precipitation by copper. 
¢ Assay performed by measuring the antagonism. 


recovery was also calculated for each litter mate in terms of the control. 
The standard deviation of the mean of the latter figures was used in esti- 
mating the recovery as given in Tables II and III. In 50 pairs of rats used 
in the assay of the sheep gonadotropin, the latter method gave a deviation 
of 19 per cent 95 per cent of the time in contrast to 25 per cent for the former 
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method. The data for 90 pairs of litter mates used in the assay of the chori- 
onic gonadotropin indicate that when the assay is calculated on the basis of 
random sampling the value obtained is within 25 per cent of the correct 
value 95 per cent of the time. It is within 21 per cent of the correct value 
on the basis of litter mate comparison. 

The hormone from mare serum was the highly purified clinical prepara- 
tion of the Cutter Laboratories, which is devoid of serum proteins. The 


TaBLeE III 


Inactivation of Chorionic Gonadotropin (Prolan) by Exposure to 40 Per Cent Aqueous 
Urea Solution at 37.5° 


























| | 
Concentra- | Ratio of | Meant uterine weight : Correct . 
eet | promaia |expen ce “oem fae exposure 
mn eee] “dow | Camas’ | Pemgineml | tomone | ang! | Seats 
see sm. meg. me. | per cent | per cent hrs 
A None 1.0 | 85 + 6 | 89 + 8 104 +20 | Of 
B-1 150 10 | 8l+7 | 6149 80 | +20 | 0.08 
A 240 | 0.5 | 72249 | 89 + 6 61 | +14 | 0.25 
B2 | 138 | 1.0 | 745 | 62.7 42 | +7 | 0.25 
B3 | 78 0.5 | B+3 | 3+ 1.25 48 | +8 | 0.25 
A | 2 | 05 | 646 | 46 8 | 46.0 | 0.5 
ao | 0.4 | 8l+9 | 3146 2 | 46 | «(10 
“ |} 20 | 0.4) | 8L49 | 38847] 4 | +6 1.0 
« | 9 | 0.2 | 848 | 8247 20 | +4 1.0 
« | # | 01 | 47/9845 | 12 | #8 | 2.0 
“ | 240 0.1 | +6 | 62+9 | 8 | +14] 6.0 
>. § 0.13 | 8 +8 3945 | @ | me 6.0 
« | oo | on | 748] 1740.5 | <4.5 | Assured | 24.0 
« | 1810 | 0.025} 2644 | 42+7 | 4.0 | 40.5 | 24.0 








* A, dry powder, assaying 100 1.U. per mg.; B-1, aqueous solution maintained at 
room temperature for 15 days (63 per cent of original activity); B-2, for 24 days (57 
per cent of original activity); and B-3, for 105 days (32 per cent of original activity). 

t Mean plus the standard deviation of the mean. 

t Control for the effect of 3.3 per cent urea concentration at 10°. 

§ Assay repeated at a higher level with similar results. 

|| Copper added to delay resorption. 


assay procedure based on increase in ovarian weight has been previously 
discussed (1). The recovery, given in Table IV, is calculated on the basis 
of response in litter mates. Eight rats were used per assay dosage level. 


Results 


Order of Reaction—It will be noted that in the experiments in which 
intact chorionic gonadotropin was employed tripling the concentration 
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failed to influence the rate of decomposition (see Table III, data for 1 hour 
and 6 hours). This test, generally conceded to be the best criterion for 
establishing the order of reaction, places the inactivation of the hormone 
by urea in the first order. It is readily discernible, however, that the 
progressive inactivation with time does not follow the course of a first order 
reaction. At the 6th hour considerably more activity survives than the 
theoretical calculation, based on the 15 and 60 minute data, requires. This 


TABLE IV 
Inactivation of Mare Serum Hormone* to 40 Per Cent Aqueous Urea Solution at 37.5° 





| 
Correct assay range | Time of exposure 


Meant ovarian weight 











Estimated recovery 
? for 95 per cent of to 40 per cent 

| f ho : 

Control dose | Experimental dose | “Aarne trials = 
me. mg. ~ ‘pret " per cent | hrs. 

50+ 5 v4 4 | 97 +8 | 0.25 
67+ 3 822 8 111 +9 1.0 
126 + 11 121 + 10 96 +7 | 1.0 
+ 3 452 2 95 +7 | 1.0 
66+ 5 62+ 6 96 +7 2.0 
63+ 3 36+ 2 72 +6 6.0 
63+ 4 3+ 2 37 +18 22.5 








* Reaction concentration of 250 Cole units per cc. 
+t Mean plus the standard deviation of the mean. 
t A commercial preparation of hormone, in aqueous solution for 3 years. 


TABLE V 
Velocity Constant 





Time k (corrected) k (apparent) 





min 
15 0.036 + 0.009 0.032 
30 0.037 + 0.008 0.033 
60 0.033 + 0.004 0.026 
120 0.027 + 0.003 0.018 
360 0.007 
1440 | | 0.002 





discrepancy may be accounted for on the assumption that in the denatura- 
tion the hormone passes over to a form not wholly devoid of activity. On 
the assumption that this transformation is virtually complete the 6th hour 
and that the new compound is relatively stable to urea, the true concentra- 
tion of the chorionic gonadotropin = the apparent concentration minus 8/92 
of the apparent inactivation. With this approximation, the velocity 
constant *& for various time intervals is as shown in Table V. The agree- 
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ment is well within the error of assay. The assumption that the activity 
of the denatured hormone is relatively stable to urea is borne out by the 
observation that even after 24 hours exposure of the hormone to urea 50 
per cent of the activity found at 6 hours exposure is recovered. 

If the inactivation of the pituitary preparation was a second order reac- 
tion, tripling the concentration of hormone at 40 minutes should have given 
a result equal to the result for a unit concentration at 120 minutes. The 
results (see Table II) do not bear this out. The recovery at 40 minutes, 
viz. 47 + 3 per cent, is significantly greater than the recovery of 32 + 3 
per cent at 120 minutes. However, it becomes apparent that the reaction 
is not of the first order since the recovery is affected by concentration. 

Comparison of Hormones—The results (see Tables II to IV) clearly dem- 
onstrate a marked difference in response of the three gonadotropins to 
denaturation by urea. 2 hours exposure to 40 per cent urea at 37.5° 
produced no demonstrable inactivation of the mare serum hormone, while 
90 per cent of the activity of the chorionic gonadotropin was destroyed. 
The rate of inactivation of the sheep pituitary preparation holds an inter- 
mediate position. In this connection it is interesting to note that the mare 
serum hormone, which is known to exhibit a remarkable degree of stability 
in the organism after administration, in contrast to the two other hormones, 
is the hormone least sensitive to inactivation by urea denaturation. 

The complex nature of the sheep gonadotropic extract as evinced by the 
antagonism phenomenon and the dual hormone concept is further corro- 
borated by the results of the present study; viz., the dependence of rate of 
inactivation upon concentration, but failure to establish a reaction order. 
The excellent agreement of the two assay procedures does not, however, 
lend support to the dual hormone theory. 

Loss of Activity in Aqueous Solution—There are three experiments re- 
corded in Table III in which chorionic gonadotropin, which had suffered an 
appreciable loss of activity by exposure in aqueous solution at room tem- 
perature over the periods of time noted, was subjected to urea denaturation. 
The product was clearly more sensitive to urea denaturation than the orig- 
inal gonadotropin. These observations demonstrate that the slow inac- 
tivation which takes place in aqueous solution at room temperature does 
not produce the same product which is produced by urea denaturation. 
If the product was the same, urea should have produced less rather than 
more inactivation in the experiments cited (see the inactivation rate for 
the original hormones). 

SUMMARY 

The rate of inactivation of the physiologic activity of human chorionic, 
sheep pituitary, and mare serum hormones in 40 per cent urea concentration 
at 37.5° was studied. 
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The inactivation of the chorionic gonadotropin proceeded rapidly and 
was independent of concentration of hormone, but the rate was such that 
a first order reaction could only be assumed on the basis that the reaction 
product was a stable substance of less biologic activity. Chorionic gonado- 
tropin partially inactivated by standing in aqueous solution at room 
temperature was more rapidly inactivated by urea than the original 
hormone. 

The mare serum hormone manifested a remarkable degree of stability. 

The inactivation of the sheep pituitary gonadotropin proceeded less 
rapidly than that of the chorionic gonadotropin and was somewhat de- 
pendent upon concentration. 
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The bacteriostasis induced by the sulfonamide drugs is reversed by 
p-aminobenzoic acid (PAB) in appropriate concentrations (1). It is now 
well established that PAB is a normal constituent of cells (2) and that the 
bacteriostatic effects of the sulfonamides are explicable in terms of their 
structural similarity to PAB (3). The precise réle of PAB in cellular 
metabolism has yet to be clarified but whether it functions as a substrate 
as some investigators postulate (4), or more likely as a prosthetic group, 
clearly it must be involved in some reaction which is vital to the growth of 
many microorganisms. The sulfonamides, presumably by competing with 
PAB for a part in this key reaction, are able thereby to disrupt the economy 
of certain growing cells. 

Assuming that PAB is the molecule to be imitated, it follows that there 
must be compounds other than the sulfonamides which can compete with 
PAB. Thus, for example, sulfur-free compounds related in structure to 
PAB might be expected to produce bacteriostatic effects comparable to 
those of the sulfonamides. When the chemotherapeutic possibilities of 
derivatives and analogues of PAB were investigated, two objectives were 
in mind: (1) to develop another line of evidence in support of the thesis 
that the resemblance of the sulfonamides to PAB is the basis of their 
bacteriostatic properties and (2) to determine whether the bacteriostatic 
potencies reached by sulfonamides could be duplicated in other molecular 
configurations and whether the toxic properties which accompany the bac- 
teriostatic effects of the sulfonamides would apply as well to other such 
bacteriostatic compounds. 

When the present investigation was begun, it had been reported that 
p-nitrobenzoic acid arrested quite strongly the growth of certain bacteria 
(5). Subsequently, Hirsch (6) showed that p-aminobenzamide also pos- 
sessed bacteriostatic properties. While the work here described was in 
progress, Auhagen (7) and Kuhn and coworkers (8) reported varying 
degrees of antibacterial action for several sulfur-free compounds related 


* The experiments carried out at Columbia University were aided by grants from 
the Research Corporation (Williams-Waterman Fund), the Nutrition Foundation, 
Inc., and the Rockefeller Foundation. 
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in structure to PAB. More recently Wyss and coworkers (9) reported on 
the biological action of several substituted p-aminobenzoic acids. Almost 
all of the compounds studied in this investigation (cf. Table I) had been 
prepared and tested before the publications mentioned above had appeared 
or had become accessible. A few, Compounds VII, [X, and XI, were tested 
after reports of antibacterial action had appeared but were subjected to 
tests with a greater variety of organisms. 


EXPERIMENTAL 


The bacteriostatic effects of the various compounds prepared for this 
investigation were tested on strains of Escherichia coli, Streptococcus hemo- 
lyticus Group A, and Diplococcus pneumoniae Type III. A strain of 
Escherichia coli was grown on the Fildes synthetic medium consisting of 
glucose, asparagine, and inorganic salts. The streptococci were grown on 
a peptone-beef meat extract broth, while the pneumococci were grown on 
the same broth enriched with a protein-free filtrate of whole blood of 
rabbit. Although the above broths contained abundant quantities of anti- 
sulfonamide substances, the results, being strictly comparative, were not 
affected by the presence of these substances. Each drug under test was 
studied over a range of concentrations simultaneously with four sulfona- 
mides; viz., sulfanilamide, sulfapyridine, sulfadiazine, and sulfathiazole. 
The absolute amounts of any drug necessary to inhibit growth varied con- 
siderably from one experiment to another, but fortunately all the drugs 
under test varied in the same way, and the comparative picture remained 
substantially unchanged. 

The tests were carried out in test-tubes of about 1 cm. inside diameter. 
The inoculum introduced was 0.5 cc. of a 10~* dilution of a young growing 
culture (6 to 8 hours). The volume of the drug solution was 1.5 cc. or less. 
The final volume was made up to 5 cc. with sterile medium. The experi- 
ments were carried out at 37.5° over a period of at least 72 hours and ob- 
servations were recorded approximately every 24 hours. The usual + and 
0 notation has been employed. Owing to the variability of the results from 
one run to another, there seemed little advantage to be gained by a more 
precise estimation of the extent of growth. 

Sulfonamide bacteriostasis by definition is reversible by PAB in some 
suitable concentration. Unless this condition is fulfilled, it is invalid to 
speak of a sulfonamide-like action. In all the experiments in which growth 
was arrested reversal by PAB was also checked. When the inhibition of 
growth was not reversed by PAB, it was assumed that some toxic action 
was taking place. This was found to be especially true of 4-amino-1- 
naphthoie acid and 5-nitro-2-furoic acid. Other drugs showed toxic actions 
particularly at high concentrations. In fact, practically all the drugs which 
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Taste I 
Benzene Ring Analogues 
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Compound 
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Group A. Compounds substituted in benzene ring 





po 
| 
I. 3-Methyl- 4 -aminobenzoic 
MR ax Ses oh el koceeeb ans | 173 63.56) 6.00 63.62 
II. 3 - Bromo- 4 -aminobenzoic’ 
"SPEER ee 214 38.91) 2.80 38.93 
III. 2-Methyl- 4 -aminobenzoic 
acid hydrochloride........ | 204 51.21) 5.37 51.34 
IV. 3-Nitro-4-aminobenzoic acid.) 292 46.06) 3.32 46.19 
V. 2-Acetylamino- 4 -aminoben-! 
RR te. | 205 = |55.66) 5.19] (55.84 
VI. 3-Methoxy- 4 -aminobenzoic) 
RCE Ee: Fo. 191 57.48) 5.43 57.70 
VII. 2-Chloro- 4 -aminobenzoic| 
GO no 5 04 ons nde Coenen | 222 48.99) 3.53 49.07 
VIII. 3,5-Dimethyl- 4 -aminoben- 
Se OE ws wtak 4c rsinwees 254 65.44) 6.71 65.46 
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Group B. Compounds involving variation in carboxyl group 
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IX. 4,4’-Diaminobenzophenone . ' 245 73.55) 5.70 73.53) 6.00 
X. 2 - (p-Aminobenzoylamino) .| 
ny EE 257-258 (54.77) 4.14 54.97) 4.25 
XI. p-Aminoacetophenone....... | 106 71.09) 6.71 70.88) 6.43 
XII. p-Aminophenylarsonic acidt | 
XIII. p-Aminophenylglycinet ..... 
XIV. p-Aminophenylacetic acidtf. .| 
XV. p-Aminobenzoyl- / -glutamic. 
Cg RR Re > EP 
XVI. p-Aminocinnamic acid.......| 174-176 |66.24| 5.56 66.31) 5.77 
Group C. Compounds involving variation in amino group 
XVII. p-(4 - Diethylaminophenyl- 
azo)-benzoic acid.......... 228-230 14.13 14.01 
XVIII. p-Methylaminobenzoic acid..| 160 63.56) 6.00 63.52) 6.29 
XIX. p - Dimethylaminobenzoic 
CAR TAR 8 242 65.44) 6.71 65.44) 6.90 
XX. p - Acetylaminomethylben- 
sete achd® ui i. ciel 191 62.16) 5.74 62.42) 5.81 
. p-Guanidobenzoic acid...... | 296 23.45 23.23 
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TaBLe I—Concluded 





Calculated, per cent | Found, per cent 


Compound (corrected) 
c|H|N|c|BI{N 








Group D. Compounds in which certain combinations of variations of Groups A, B, 
and C are involved 


_ | | 
XXII. 3 - Methyl- 4 -nitrobenzoic | 
we SPS RE Ra 2 218 oe 3.90 53.14) 4.07 
6.7 





XXIII. 3-Methyl-4-aminobenzamide. 125 63.98] 6.71/18. 66/64.32| 6.78)18.98 
XXIV. 2,4-Dinitrobenzoic acidf. ... 

















XXV. 4,4’-Dinitrobenzil........... 214 —-|56.00| 2.69) [56.13] 2.87 
XXVI. p - Dimethylaminobenzalde- 
NE ea ae 4, | | 
Analogues Having Other Ring Systems Than Benzene Ring 
XXVII. 4-Amino-l-naphthoic acid. ..| 195-200 70.57 4.85) 7.48/70.57| 5.08) 7.65 
XXVIII. 5-Aminothiophene-2 - carbox- 
amide hydrochloride*. .... 33.61) 3.95 33.82} 4.10 
XXIX. 5-Nitrothiophene- 2 -carbox- 
SO Se 191 34.88) 2.34 34.76) 2.60 
XXX. 5 - Nitrothiophene- 2 -car- 
boxylic acid...............| 159 34.68) 1.74) 8.09/34.97| 1.89) 7.80 
XXXI. Methyl- 2 -(5-acetylamino- 
thienyl) ketone*.......... | 279 (52. 44 4.95 52.64) 5.24 
XXXII. 2-Amino-5-carboxythiazole* .| 191 33.33) 2.80 33.58) 2.79 
XXXIII. 5-Nitro-2-furoic acid. ....... | 188 38.23] 1.92] 8.92/38.34| 1.97] 8.71 
XXXIV. 5-Acetylamino-2-furoic acid. 240 '49.71| 4.17 49.66) 4.45 
XXXYV. 6-Amino-3-carboxypyridine.. 318 \52.17) 4.38 51.86) 4.37 




















* These compounds were first prepared in this investigation. 
+ Gift from Dr. Michael Heidelberger. 

t Eastman Kodak products. 

§ Gift from Dr. Sarah Ratner. 


were bacteriostatic at certain concentrations as indicated by reversal in the 
presence of PAB were bactericidal at higher concentrations, as shown by 
non-reversal in the presence of PAB. 

The solubilities of the thirty-five compounds under test varied from 
a few micrograms per cc. to about 50 mg. per cc. In some cases it 
was impossible to get a high enough concentration of the substance in the 
growth medium for satisfactory tests and the negative bacteriostatic results 
obtained in these instances need qualification on the basis of the limited 
solubility. 

Results 


The bacteriostasis induced by p-nitrobenzoic acid and p-aminot:enzamide 
was more closely examined, since these were the first sulfur-free compounds 
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reported to behave like the sulfonamides. Experiment showed that neither 
p-nitrobenzoic acid nor p-aminobenzamide was active toward all the bac- 
teria inhibited by the sulfonamides. Whereas, for example, they inhibit 
the growth of Escherichia coli (Table II), they have slight if any effect on 
the growth of Streptococcus hemolyticus. Furthermore, even when growth 
is inhibited as in the case of E. coli, the inhibition is short lived, and after 
45 hours or more, depending upon the initial concentration of the drug, 
normal growth takes place. Since these two compounds can be converted 
to PAB, in one case by hydrolysis, and in the other by reduction, it seemed 
reasonable to assume that when they were inactive, as in the case of the 


TaB_eE II 


Effect of p-Nitrobenzoic Acid, p-Aminobenzamide, and Sulfanilamide on Growth of 
Escherichia coli and Streptococcus hemolyticus 




















EB. coli S. hemolyticus 
Drug 
24 hrs. | 48 hrs. 94hrs. | 24hrs. 48 hrs. 94 hrs. 
| y per cc. | 
Control (0 [Fatt +++ ttttlt+4ti ttt tt++ 
p-Nitrobenzoic acid | 800 0 0 +. .3 + (+++4+)4+-4+4+4+ 
400 0 OO FttHlFt+t|F+tt|++4+ 
100 0 0 ++++ 
40 0 Fae He 
| 2 + j+++4+/+++4+4) | 
p-Aminobenzamide | 300 0 0 ~ 0 (+4+4+4+/)4+4+4+4+ 
270 0 | 0 + | 
190 0 | O j++++) | 
10 | «(O + (+444) 0 | [4+4+4+4+/4+4+4++4+ 
Sulfanilamide 100 0 0 0 | oO 0 0 
50 0 0 0 | oO 0 0 
25 0 + i++++) 0 0 ++ 
5 + | FAtH +++] $+ ttt tltte+ 








S. hemolyticus, they were being transformed rapidly to PAB, and their 
bacteriostatic effects were thereby obscured. In the same way the short 
lived bacteriostatic effects on E. coli could be explained in terms of a slow 
conversion of the PAB derivatives to PAB. These conclusions were borne 
out by the demonstration that both p-nitrobenzoic acid and p-amino- 
benzamide were able to reverse completely the bacteriostatic effects of 
sulfonamide drugs on the growth of S. hemolyticus and E. coli (TableIII1). 
Thus, at the start of the investigation we realized that it was unwise 
to prepare compounds which in the presence of bacterial enzymes could be 
converted to PAB. Our efforts therefore were directed mainly along the 
lines of biologically stable derivatives and analogues of PAB and amino- 
carboxylic acids and nitrocarboxylic acids of other ring systems. 
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Benzene Ring Analogues—The twenty-six compounds in this class may 
be divided into (Group A) those in which the benzene ring has been sub- 
stituted, (Group B) those in which the carboxyl group has been replaced 
or substituted, (Group C) those in which the amino group has been replaced 
or substituted, and (Group D) those which involve certain combinations of 
variations of Groups A, B, and C. 

Only eight of the benzene ring analogues showed bacteriostatic proper- 
ties; these were Compounds I, II, III, V, VI, and VII of Group A, Com- 
pound XI of Group B, and Compound XXIII of Group D (ef. Table IV). 
None of the compounds of Group C was active. Among the active ring- 
substituted analogues the bacteriostatic potency never exceeded one-fifth 
that of sulfanilamide or about one-one-hundredth that of the most active 


sulfonamide. 











Taste III 
Reversal by p-Aminobenzamide and p-Nitrobenzoic Acid of Bacteriostasis Induced by 
Sulfapyridine 
| Escherichia coli Streptococcus hemolyticus 
- | 2¢hrs. | 72 hrs. 2¢hrs. | 72 hes. 

Control without drug. . eaans ++4++ > 4444 | ++e+ ++++ 
Sulfapyridine (A), 15 y perece........ 0 0 0 0 
p-Aminobenzamide (B), 125 y per cc... ce ++++ | + ++++ 
ON RES ae ++ | +H4++) +++ | +4+4++ 
p-Nitrobenzoic acid (Cc), 40 y per ce... 0 ++++ ) +4+4+4+ 4+4+4++4+ 
SE FULTON Facet uc ds deb ecncdeccge - Ll FPF | +t++ | $448 





The bacteriostatic effects of active analogues of PAB were completely 
reversed by addition of PAB (Table V). Tests also have been made to 
determine whether analogues of PAB could replace PAB in reversing the 
bacteriostatic action of the sulfonamides. Thus far only three of the twenty- 
six analogues of PAB have been found to possess any significant anti- 
sulfonamide activity; viz., Compounds VII, XV, and XVI (Table VI). 
It is of interest that Compound VII, 2-chloro-4-aminobenzoic acid, exhibited 
strong PAB activity towards Streptococcus hemolyticus and Diplococcus 
pneumoniae, whereas in the case of Escherichia coli it was weakly bacterio- 
static at high concentrations (> 100 y per cc.) and exhibited antisulfona- 
mide action at lower concentrations (<20 y per cce.). The possibility had 
to be explored that the antisulfonamide actions of Compounds VII, XV, 
and XVI were referable to traces of PAB formed by degradation or con- 
version of these substances in the presence of bacteria. This point was 
checked by determining the antisulfonamide activity of these three com- 
pounds after incubation with bacteria. No increase in activity was ob- 
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TaBie IV 
Concentrations for Bacteriostasis 
The values are given in micrograms per ce. 


43 





Minimum over 64 hr. period 














Compound — 
B. coli | Syfieme | ‘mdoten 
I. 3-Methyl-4-aminobenzoic acid........| 300 300 | 4000 
II. 3-Bromo-4-aminobenzoic “ ........| 600 600 | 2000 
III. 2-Methyl-4-aminobenzoic ‘“ hydro- 
COME 6 ee ee Ss 4. 4000 | 8000 
IV. 3-Nitro-4- aminobensoic ‘acid. | 2000 
V. 2-Acetylamino-4- aminobenzoic acid. 8000 | 8000 
VI. 3-Methoxy-4-aminobenzoic acid. . 8000 200 | $000 
VII. 2-Chloro-4-aminobenzoic att © .| 200 | 2000 
VIII. 3,5-Dimethyl-4-aminobenzoic acid.. | 500 
IX. 4,4’-Diaminobenzophenone.. ES / 10 
X. 2-(p-Aminobensoylamino)-thiasole. o | 1.5 
XI. v-Aminoacetophenone................| 600 500 400 | 700 
XII. p-Aminophenylarsonic acid. ....... | 500 
XIII. p-Aminophenylglycine.............. | 2000 
XIV. p-Aminophenylacetic acid..... 4000 
XV. p-Aminobenzoyl-l-glutamic acid... | 400 
XVI. p-Aminocinnamic acid.............. 4000 
XVII. p-(4-Diethylaminophenylazo)-benzoic | 
OER so nsidnin end «4-00 ee cea 400 
XVIII. p-Methylaminobenzoic acid.......... | 2000 
XIX. p-Dimethylaminobenzoic acid....... | 200 
XX. p-Acetylaminomethylbenzoie acid... | 1000 
XXI. p-Guanidobenzoic acid............ / | 500 
XXII. 3-Methyl-4-nitrobenzoic acid......... | 2000 
XXIII. 3-Methyl-4-aminobenzamide....... 2600 1400 | 3200 
XXIV. 2,4-Dinitrobenzoic acid............ | | 1000 
XXV. 4,4’-Dinitrobenzil.. | 10 
XXVI. p- _Dimethylaminobensaldehyde.. | | 100 
XXVII. 4-Amino-l-naphthoic acid............ | 400 
XXVIII. 5-Aminothiophene- 2 -carboxamide hy- 
GROMRIIIIG. co cs ccc cuctecsunest 1000 
XXIX. 5-Nitrothiophene-2-carboxamide. ... 4 5 | 40 500 
XXX. 5-Nitrothiophene-2-carboxylie acid.... 40 2.5 20 2000 
XXXI. Methyl-2-(5-acetylaminothienyl) ke- | 
SONNE, a's S400, 0% Kerbs ees 20 400 | 6 80 
XXXII. 2-Amino-5-carboxythiazole........... 2000 
XXXIII. 5-Nitro-2-furoie acid................. 4000 
XXXIV. 5-Acetylamino-2-furoic acid.......... 2000 
XXXV. 6-Amino-3-carboxypyridine.......... 5 | 12 1000 
Bee eeNGs ri 7' & 0:4 0:00. non 8h- abner 40 12 50 2000 
Sulfapyridine.............. 4 |; 10 | WW | 2000 
Sulfathiazole........... 0.4 4 5 | 2000 
Sulfadiazine. .... 0.4 2 | 2 2000 
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served. It must therefore be assumed that these three analogues of PAB 
have one-fortieth to one-two-hundredths the antisulfonamide activity 
of PAB. 

Naphthalene Ring Analogue—Compound X XVII was bactericidal at high 
concentrations (10 to 40 mg. per cent) and inactive at lower concentrations 
(<10 mg. per cent). Bacteriostasis did not obtain in the intermediary 
range of concentrations. 

Thiophene Ring Analogues—Compounds XXIX and XXX were both 
highly active and compared favorably with the most active sulfonamides, 


TABLE V 


Reversal by p-Aminobenzoic Acid of Bacteriostasis Induced by Analogues of 
p-Aminobenzoic Acid 


























Under test — Under test yaa a 

Bs Oi or er weer s » |g 

8 3 TS 
Com- | ; PI £ Com y } § | a 
pound Organism s r) s pound Organism isis . 
No. S| a3 . Jo. | =| < 
@ji<a; £ | S$ jaa! & 

: i La BCS ee = pa Bee 

| ~ a ars. re y ger hrs. 

1} S.hemolyticus  300/ 6 | <24 = XI|_ E. coli | 600) 6 <24 
“| B. coli 300 6 24 of a a | 200; 6 40 
II S. hemolyticus 1000 6 = <15 + S. hemolyticus | 600} 1 | 40 
_— " 700, 1 40,| XXIII, “ ? (2000; 6 <16 
Ill | &£. coli 4000, 1 is 6“ |) «COB. coli (2800, 6 | 40 
V| 8S. hemolyticus | 3000) 1 <17| XXIX| D. pneumoniae | 25; 1 | 40 
,: a a? 800) 1 24 XXX S. hemolyticus | 4, 6 |<24 
a * 9 80} 1 2 “ | D. pneumoniae | 70) 6 |<24 
“| EB. coli 8000, 1 64 XXXI| “ a | 80} 1 | 64 
“ sé “ 2000 1 15) “ec “cc “cc | 80 35 | 40 
a 200) 1 15 XXXV__ S. hemolyticus | 100) 1 | 22 
ae | ae oe 100) l 15 “ce cc “c 10 l 20 
| | | “ | B.cok | 5} 1 | 40 





at least in their action on Streptococcus hemolyticus (Table IV). These 
bacteriostatic effects were reversed by appropriate concentrations of PAB. 
At high concentrations of these two drugs, the inhibitory effects on growth 
were not reversed by PAB. The zone between bactericidal and bacterio- 
static effects was fairly sharp. It is interesting to note that the bacterio- 
static effects of Compounds XXIX and XXX did not always run parallel. 
Thus, whereas Compound XXIX was about 10 times as active as Com- 
pound XXX towards Escherichia coli, Compound XXX was twice as active 
as Compound XXIX towards Streptococcus hemolyticus and Diplococcus 
pneumoniae. 
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Thiazole Ring Analogue—Compound XXXII showed no bacteriostatic 
action on the growth of the three test organisms. 

Furan Ring Analogues—The two compounds of this group, Nos. XX XIII 
and XXXIV, were found to be inactive. At concentrations of about 100 
to 400 mg. per cent Compound X XXIII was bactericidal and its inhibition 
of growth was not reversed by PAB. 

Pyridine Ring Analogues—Compound XXXV showed considerable bac- 
teriostatic activity towards Escherichia coli and Streptococcus hemolyticus 
but no appreciable activity towards the pneumococcus (Table IV). The 
bacteriostatic effects were reversed by PAB. 











Taste VI 
Antisulfonamide Action of Analogues of p-Aminobenzoic Acid 
| | Concentration " : 
Analogue Organism yt tea 
| Analogue | rl _ 
| ¥ per ce. ¥ per cc. hrs. 
VII. 2-Chloro-4-amino- D. pneumoniae | 2 15 17 
benzoic acid S. hemolyticus ee | 15 64 
E. coli | 20 15 24 
XV. p-Aminobenzoyl-l- D. pneumoniae 0.4 40 64 
glutamic acid S. hemolyticus Ee | 1 64 
E. coli 400 15 64 
XVI. p-Aminocinnamic D. pneumoniae | 1 15 b4 
acid | S. hemolyticus 1 15 64 
E. coli 150 15 O4 
p-Aminobenzoic acid | D. pneumoniae 0.01 15 64 
8. hemolyticus 0.05 15 24 
0.10 15 16 
| EB. coli 0.01 15 64 














Relation of Structure to p-Aminobenzoic Acid Antagonism 
Isocyclic Compounds—On the basis of the compounds thus far tested, 
the following generalizations can be advanced. 


COOH 
Pa, 
‘i 2 
| 
5 3 
\7 
NH2 
1. Monosubstitution by neutral or weakly electropositive groups in the 
2 or 3 position of PAB yields compounds with bacteriostatic properties. 
There is little to choose between the two positions as far as activity is 
concerned. 
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2. Disubstitution, whether in the 2,3 positions (Compound XXVII) or 
in the 3,5 positions (Compound VIII), results in compounds which exhibit 
no bacteriostatic action. 

3. Replacement of the amino group by any of the groups thus far studied 
other than nitro results in inactive compounds. 

4. Variation of the carboxyl group by replacement or by derivative 
formation may give compounds which exhibit PAB activity, bacteriostatic 
activity, or neither. No rational conclusions can be drawn. 

5. Simultaneous variation of the amino group, including replacement by 
the nitro group, and substitution in the benzene nucleus result in inactive 
compounds (e.g. Nos. XXII and XXIV). 

6. Simultaneous variation of the amino and carboxy groups gives inactive 
compounds (e.g. Nos. XXV and XXVI). 

Heterocyclic Compounds. Thiophene Analogues of PAB—The isostere of 
p-aminobenzamide, 5-aminothiophene-2-carboxamide, was found to be in- 
active, while the isosteres of p-nitrobenzamide and p-nitrobenzoic acid 
were highly active. The inactivity of Compound XXVIII may be due toa 
variation in chemical activity of the amino group in the thiophene nucleus 
from that of a normal aromatic amino group. Such a variation may be 
dependent upon tautomeric effects, oxidation potential, or other properties. 

In view of the inactivity of Compound XXVIII, the activity of Com- 
pounds XXTX and XXX is difficult to interpret, since the nitro group does 
not resemble the aromatic amino group either in respect to chemical reac- 
tivity or physical dimensions. It seems possible that some reduction 
product of the nitro group which more closely resembles an aromatic amino 
group might be formed and be responsible for the bacteriostatic action. 
Efforts to prepare the isostere of PAB were not successful. 

Thiazole Analogue—The inactivity of 2-amino-5-carboxythiazole might 
be due to the magnitude of the nucleus alteration as compared to PAB or 
to variations in the chemical properties of one of the functional groups. 
Attachment of the amino group to a carbon atom linked directly to sulfur 
is a common property of Compounds XXVIII and XXXII, a fact which 
is of possible significance. 

Furan Analogues—The inactivity of the furan derivatives as bacterio- 
static agents suggests that the furan nucleus represents too wide a de- 
parture from the pheny! nucleus either for physical or chemical reasons. 

Pyridine Analogue—The rather high activity of 6-amino-3-carboxy- 
pyridine as contrasted with the complete inactivity of its isostere, 2-amino- 
5-carboxythiazole, provides further evidence that chemical reactivity of 
functional groups may be of greater significance than physical dimensions 
of the molecule in determining antibacterial activity for compounds related 
in structure to PAB. 
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The authors desire to express their thanks to Dr. R. T. Major for his 
interest and guidance in this work. Microanalyses were executed in the 
Merck Laboratories under the direction of Mr. D. F. Hayman. 


SUMMARY 


Thirty-five compounds related in structure to PAB have been studied 
to determine their effect upon the growth of three bacteria. Twelve showed 
bacteriostatic effects which could be reversed by PAB, whereas three com- 
pounds behaved like PAB albeit much more weakly in reversing the bac- 
teriostasis induced by the sulfonamides. One of the compounds (2-chloro- 
4-aminobenzoic acid) showed bacteriostatic effects at high concentrations 
and PAB action at lower concentrations. 

Evidence is presented to indicate that the antibacterial action of PAB 
analogues may be determined by chemical reactivity of functional groups 
as well as similarity in physical dimensions of the molecules to PAB. 
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GLUCURONIC ACID SYNTHESIS AND THE GLYCOGEN 
CONTENT OF THE LIVER OF THE RAT* 


By DOMINIC D. DZIEWIATKOWSKI anp HOWARD B. LEWIS 


(From the Depariment of Biological Chemisiry, Medical School, 
University of Michigan, Ann Arbor) 


(Received for publication, January 3, 1944) 


It has been known for many years that a number of foreign compounds 
of varying degrees of toxicity are ‘“detoxicated” by conjugation with glu- 
curonic acid and excreted in the urine as conjugated glucuronates. It is 
believed that the liver is the chief organ in which the synthesis of glucuronic 
acid and its conjugation with these toxic substances occurs. The distribu- 
tion of 8-glucuronidase in the mammalian organism has suggested, however, 
that the process of glucuronic acid conjugation is not entirely confined to the 
liver (1). Evidence of the réle of the liver in glucuronic acid metabolism 
has been obtained in perfusion (2) and tissue slice (3) experiments, by hepa- 
tectomy (4), by the use of hepatotoxic substances (5, 6), and in studies of 
human pathology (7). 

The chemical origin of the glucuronic acid used in detoxication is not 
clear. It is improbable that it arises from preformed glucuronic acid in the 
organism. Quick (8) has suggested that the acid is derived from carbo- 
hydrate and considers it probable that ‘the precursor of glycuronic acid is 
derived more readily from glycogen or glycogenic amino acids than from 
glucose.”” Such an origin from glycogen rather than from glucose is not 
inconsistent with the present hypothesis of the metabolism of carbohydrate 
in which phosphorolysis, rather than simple hydrolysis, of glycogen plays 
an important réle. 

If glycogen serves as the precursor of glucuronic acid, it might be antici- 
pated that administration of compounds for whose metabolism glucuronic 
acid is mobilized might result in a diminution of liver glycogen. The 
results here presented show that, after the administration of menthol or 
of sodium tertiary butyl acetate to young white rats, the content of the 
glycogen in the liver is lower than in control animals. /-Menthol has long 
been known to be excreted as menthylglucuronic acid and, in unpublished 
experiments from this laboratory, the oral administration of the sodium 
salt of tertiary butylacetic acid has been shown to result in the excretion of 
considerable amounts of “extra” glucuronic acid. 

* This work was supported in part by a grant from the Mallinckrodt Chemical 


Works of St. Louis. 
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50 LIVER GLYCOGEN 


EXPERIMENTAL 


Male white rats, of from 145 to 200 gm. in weight, were fed a standard stock 
diet ad libitum for 7 to 14 days, food being available at all times until the 
experimental compounds were administered by stomach tube. After the 
beginning of the experimental period, water was available but no food was 
given. After 4 hours, the rats were killed by a blow on the back of the neck, 
and the glycogen content of the liver was determined by the method of 
Good, Kramer, and Somogyi (9). 

Four groups of animals were used in parallel experiments. Group 1 
received 2 ml. of water and served as controls. Group 2 was fed by tube 
0.40 to 0.45 gm. of l-menthol, which had been melted and kept at a tempera- 
ture of 50-60°. Groups 3 and 4 received 2 ml. of solutions containing 0.40 
and 0.318 gm., respectively, of the sodium salts of tertiary butylacetic and 
butyric acids. Group 4 served as an additional control, since butyric acid 
is readily oxidized and is not known to be excreted in conjugation with 
glucuronic acid. The amounts of the three experimental substances fed 
were approximately equimolecular. Since menthol was not soluble in 
water, it was difficult to administer it quantitatively. 

Examination of Table I shows that the glycogen contents of the livers of 
those rats fed either of the two substances known to increase the excretion 
of urinary glucuronic acid were definitely less than those of rats which 
received either water alone or the easily oxidizable sodium butyrate. There 
was no overlapping of the values in the different groups, except with one 
rat in the control (water) group, and there is every reason to believe that the 
results are significant. The high values for liver glycogen observed after 
the feeding of sodium butyrate demonstrate that the administration of the 
salt of a fatty acid does not necessarily result in a lowered content of liver 
glycogen. The significance of the higher concentration of liver glycogen 
after sodium butyrate as compared with the control group fed water only 
is not clear. It is possible that the butyrate is oxidized readily and thus 
protects the liver glycogen so that glycogenolysis is diminished or that 
under the conditions of these experiments butyric acid contributes to the 
synthesis of liver glycogen. Although butyric acid is not usually consid- 
ered as a glycogenic substance, recent experiments have indicated a conver- 
sion of butyric acid to glycogen of the liver (10). 

It was not possible to determine glucuronic acid in the urine of the 
particular animals sacrificed for the determination of liver glycogen. De- 
terminations of the glucuronic acid content of the urine of other rats receiv- 
ing menthol or the salt of tertiary butylacetic acid have shown, as in the 
rabbit, a very considerable increase in the glucuronic acid content of the 
urine. No similar increase was observed when sodium butyrate was fed. 
There appears to be little question, therefore, that the diminished content 





Oo —_ 


ee | ee 








D. D. DZIEWIATKOWSKI AND H. 


. LEWIS 


51 


of liver glycogen recorded in Table I is to be related to glucuronic acid 


synthesis in the organism. 


TaBLe I 


Glycogen Content of Liver of Young White Rat after Oral Administration of l-Menthol 


and Sodium Salis of Tertiary Butylacetic and Butyric Acids 


The animals were killed after a 4 hour absorption period. The amounts of the 
various compounds fed were approximately equimolar (2.9 mm). 























| Liver 
~ Substance fed | Body weight “or > 
| Weight Glycogen auenaen 
| gm. gm, per cent per cent 
1 Water, controls 164 6.75 3.42 3.58 
162 6.40 4.43 
180 8.80 1.03 
146 6.83 3.71 
149 7.10 4.28 
188 9.80 4.87 
180 8.00 3.83 
163 7.60 3.06 
2 l-Menthol 156 5.55 1.74 1.60 
156 6.10 1.42 
180 8.65 1.30 
| 168 6.93 1.77 
171 6.75 1.70 
191 9.15 1.36 
173 7.15 1.95 
3 Sodium tertiary butyl 176 7.55 0.60 0.95 
acetate 162 | 5.90 0.57 
1995 | 7.90 1.24 
163 | (9.05 1.07 
152 5.55 0.14 
180 7.00 1.43 
| 187 8.70 1.20 
180 8.40 1.35 
4 Sodium n-butyrate | 176 | 9.20 5.92 6.39 
184 9.95 6.05 
|} 196 | 9.70 6.95 
197 9.7 5.00 ‘ 
180 | 10.78 8.01 
| 161 | 9.05 6.81 
| 190 | 10.50 6.10 
187 9.40 6.35 





Previous suggestions of the relation of liver glycogen to glucuronic acid 
synthesis have been limited to qualitative and histological observations. 
Thus Schmid (11) showed that, in hibernating frogs whose liver glycogen 
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was depleted, the tolerance for menthol was greatly diminished, while 
Kobayashi (12), in experiments with rabbits, observed that the liver cells 
contained little glycogen, as detected by histological methods, when the 
animals had previously received avertin (tribromoethanol) which is ex- 
creted as a conjugated glucuronate. Lutwak-Mann (13) found that the 
livers of rats which received salicylic acid subcutaneously contained little 
glycogen in 4 to 7 hours after the injection. Although it has been stated 
that salicylic acid is excreted as a glucuronide, Lutwak-Mann was unable 
to detect any appreciable amounts of glucuronic acid in the urine, and 
interpreted the disappearance of liver glycogen as due to the “profound 
changes in metabolism” resulting from the injection of salicylate, rather 
than from the utilization of liver glycogen in the synthesis of glucuronic 
acid. The present experiments suggest strongly a réle of glycogen in the 
mobilization and production of glucuronic acid for detoxication. 


SUMMARY 


4 hours after the oral administration of -menthol or sodium tertiary 
butyl acetate to well fed young white rats, the glycogen content of the liver 
was much depleted in comparison to that of control animals which were fed 
water alone or sodium butyrate. Since the administration of /-menthol or 
tertiary butylacetic acid results in the excretion of considerable amounts 
of “extra” glucuronic acid in the urine, the data suggest that liver glycogen 
is used in the synthesis of glucuronic acid. 
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BUTYRATE OXIDATION BY LIVER ENZYMES 


By LUIS F. LELOIR anp JUAN M. MUNOZ 


(From the Institute of Physiology of the Faculty of Medical Sciences, Buenos Aires, 
Argentina) 


(Received for publication, November 1, 1943) 


It has been found (1) that lower saturated fatty acids are oxidized by a 
system formed by a preparation of liver enzymes with the addition of ade- 
nylic acid, cytochrome c, inorganic phosphate, magnesium ions, and fuma- 
rate. In the absence of added fatty acids phosphopyruvate or a similar 
substance accumulated, whereas this did not occur in the presence of fatty 
acids. 

This, paper describes experiments which were undertaken in order to 
study the possibility of replacing fumarate by other components of the 
citric acid cycle, the formation of phosphopyruvate and its influence on the 
oxidation of butyrate, and the relation between oxidation products and 
oxygen uptake. 


EXPERIMENTAL 


Methods 


The general technique was the same as that described previously (1). 
The concentration of magnesium chloride used for preparing the enzyme 
was 0.5 M instead of 1m. Experiments were carried out in 50 cc. Erlenmeyer 
flasks filled with oxygen and shaken at 80 oscillations per minute. It was 
found that in air the reaction rate may be limited by the rate of oxygen 
diffusion. 

The following methods of preparation were used: adenylic acid, Loh- 
mann (2); phosphopyruvic acid, Kiessling (3); 3-phosphoglyceric acid, 
Neuberg and Kobel (4); sodium pyruvate, Robertson (5). The sample of 
sodium a-glycerophosphate was from The British Drug Houses, Ltd. All 
substances were added as sodium salts. 

Methods of estimation were as follows: phosphate, after Fiske and 
Subbarow (6); butyrate after Mufioz and Leloir (1); ketone bodies after 
Edson (7); phosphopyruvate after Lohmann and Meyerhof (8) and by esti- 
mating pyruvate before and after 1 hour’s hydrolysis in 1 N HCl at 100°. 
A colorimetric method with 2 ,4-dinitrophenylhydrazine was used (9). 

Some Properties of Enzyme System—The activity of the system is main- 
tained for more than 90 minutes at 25° in oxygen when all the components 
and substrate are present. If butyrate, adenylic acid, or cytochrome is 
added after 10 to 15 minutes incubation, there occurs a complete inactiva- 
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tion. If pyruvate instead of butyrate is added, the activity is maintained. 
It appears that the system is more stable when certain substrates are being 
oxidized. Many unsuccessful attempts have been made to stabilize the 
system by other procedures. 

Microscopic examination shows that the preparation contains nuclei and 
many cell particles. 

The preparation appears yellowish white and a spectroscopic examina- 
tion shows a band at about 560 mu, corresponding probably to cytochrome 
b, and a fainter band at about 600 mu, corresponding to cytochrome a. No 
cytochrome c is detectable. As these bands appear on reduction, they can 
be used in ascertaining the activity of the system. 

Action of Different Substances on Butyrate Oxidation—It was previously 
stated (1) that fumarate could not be replaced by succinate. As is shown 


Taste [ 
Action of Succinate, Malate, Citrate, and Glutamate on Oxidation of Butyrate 
Disappearance of butyrate (micromoles) produced by 2.5 ml. of liver enzymes + 
0.2 ml. of m/15 phosphate buffer of pH 7.7 + 0.1 ml. of 0.1 m magnesium chloride + 
0.5 mg. of cytochrome c preparation + 1 mg. of adenylic acid + 0.1 ml. of 0.1 m sodium 
a-glycerophosphate + 17 micromoles of butyrate. Total volume, 6 ml. 90 minutes 
at 25° in oxygen. 











Additions | 200 micromoles 20 micromoles | 2 micromoles 
Suecinate.......... 1. 8.9 | 8.5 
Fumarate....... 8. | 9.4 8.4 
Malate......... 0 | 9.6 8.0 
0 sd 1.2 | 8.3 8.4 
Glutamate....... , 6.1 7.4 | 3.4 


None, 2.4, 1.7 





in Table I, this is true only for higher concentrations (0.03 m). The same 
is true with malate and citrate. When medium concentrations (0.003 m) 
are used, succinate, fumarate, malate, citrate, and glutamate are all active. 
At still lower concentrations (0.0003 m) they are all active, but glutamate 
is only slightly active. Aspartate showed no action. The amount of 
butyrate which disappears may be 3 or 4 times greater than the amount of 
added succinate, fumarate, malate, or citrate. This fact is a clear indica- 
tion that these substances act catalytically. In the experiment shown in 
Table I a-glycerophosphate was added because it was found that in some 
preparations it accelerated the disappearance of butyrate. 

Formation of Phosphopyruvate—It was previously found (1) that phos- 
phopyruvate or a similar substance accumulated when fumarate was added, 
but not when fatty acids were also present. The formation of phospho- 
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pyruvate from substances which are active in promoting butyrate oxidation 
was therefore studied. As is shown in Table II, phosphopyruvate was 
formed from succinate, fumarate, malate, citrate, and also in smaller 
amounts from glutamate. In the presence of fluoride (0.02 m) the formation 
is practically the same in all cases, the only difference being that there 
occurs a greater disappearance of inorganic phosphate. There is also a 
greater uptake of inorganic phosphate with all the additions as compared 
with the control. 


TaBLe II 
Formation of Phosphopyruvate 
Composition of the system: 2.5 ml. of liver enzymes + 0.2 ml. of m/15 phosphate 
buffer of pH 7.7 + 0.1 ml. of 0.1 m magnesium chloride + 0.5 mg. of cytochrome c 
preparation + 1 mg. of adenylie acid + 0.2 ml. of 0.1 m additions. Total volume, 6 
ml. 90 minutes at 25° in oxygen. The results are given in micromoles. 





























P liberated by Pyruvic acid 

Additions os ae After 60 

HgCl: | Hypoiodite| Before | "Togs it 

n HCl 
as shinaiatl +. a abs. « stele potenti Gs» oes 18.3 0 0.4 0 1.5 
mY Sh O08 ta NaP.. 232 .0....... 8.6 0.7 0.1 0 1.9 
Succinate........... oo GGG one 12.6 3.7 3.2 0 5.3 
+ 0.02 m NaF........... 2.9 4.9 4.0 1.6 8.5 
EME. . ov. WSdes da CR RENE eae 11.1 4.9 4.2 0 6.8 
: + 0.02 mu NaF........... 2.3 5.5 4.8 1.0 8.4 
Re nee, a ae oe 12.1 3.5 3.7 0 5.3 
a,  O6R os Maks 25 wiccseg.s 2.9 4.9 4.2 0.6 3 
ees sto pee ren hg 8.2 5.8 5.3 0 8.2 
WES! £3 ee | 3.3 4.2 3.3 2.6 8.0 
EE oe nade kas tales tas wk es | 14.4 1.5 1.4 0 2.5 
“ + 0.02mNaF..........| 5.1 | 1.9 1.1¢ 0 3.6 





The estimation of phosphopyruvate by the hypoiodite and mercuric 
chloride methods gave practically the same results. The amount of pyru- 
vate liberated by acid hydrolysis gave higher values, presumably because 
of some interfering substance, but the results were parallel with those 
obtained by other methods. No pyruvate was present before hydrolysis 
except in the presence of fluoride plus succinate, fumarate, malate, and 
citrate, when a small amount accumulated. Smaller amounts of succinate 
and fumarate, while still promoting the oxidation of butyrate, do not lead 
to the accumulation of detectable amounts of phosphopyruvate. 

The addition of 3-phosphoglycerate produced a formation of phospho- 
pyruvate which was completely suppressed by 0.02 m fluoride. This shows 
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that enolase is inhibited by that concentration of fluoride and therefore that 
phosphopyruvate may be formed by a mechanism in which enolase is not 
involved. No phosphopyruvate was formed from lactate or pyruvate. 

Components Necessary for Formation of Phosphopyruvate—As is shown in 
Table III, no phosphopyruvate is formed from fumarate in the absence of 
cytochrome c, adenylic acid, or inorganic phosphate. Adenylic acid is also 
necessary for phosphopyruvate formation from succinate or citrate. 

Action of Malonate on Phosphopyruvate Formation—As malonate is known 
to inhibit succinic dehydrogenase, it was considered that it might be useful 
as a means of finding out which substance is the immediate precursor of 
phosphopyruvate. If it were fumarate, an inhibition of phosphopyruvate 
formation from succinate but not from fumarate would be expected. How- 
ever, it was found (Table IV) that malonate inhibits phosphopyruvate 
formation from succinate, fumarate, and citrate approximately to the same 


Tasie IIT 
Components Necessary for Formation of Phosphopyruvate 
The complete system was as in Table II with fumarate. The results are given in 
micromoles. 














Inorganic P | Pecans” | Mcnaed by acid 
Complete system.................. 9. | 5.8 6.5 
No cytochrome.................... 18.9 | 0.3 0.4 
—. - a ae 16.1 0.9 0.6 
ee 3.4 1.0 1.6 
“ fumarate..... sa 19.0 0.6 0.5 





degree. At 0.001 m there is almost no inhibition and with a higher concen- 
tration (0.005 m) formation of phosphopyruvate is almost completely 
inhibited. 

Influence of Phosphopyrwate on Butyrate Disappearance—As phospho- 
pyruvate is formed from the compounds which promote butyrate oxidation, 
the action of synthetic phosphopyruvate was studied. Curiously enough 
it was found that phosphopyruvate is active only in a medium containing 
bicarbonate (Tables V and VI). If phosphate buffer was used and the 
carbon dioxide was absorbed with alkali, hardly any disappearance of 
butyrate occurred. This effect is not due to differences in the pH of the 
medium, as was proved by measurements with a glass electrode. More- 
over, the bicarbonate buffer did not affect the butyrate oxidation when 
fumarate instead of phosphopyruvate was used. 

The rate of butyrate and phosphopyruvate disappearance with and with- 
out bicarbonate was studied (Table V). Phosphopyruvate disappeared 
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within 20 minutes in the presence of bicarbonate and butyrate. However, 
butyrate continued to disappear even after phosphopyruvate was not 
detectable any more. In the absence of bicarbonate the disappearance of 
phosphopyruvate was slower and hardly any butyrate was oxidized. 

It was found that the disappearance of butyrate in the presence of phos- 
phopyruvate occurred only with cytochrome c, adenylic acid, and bicar- 
bonate present (Table VI). Without added inorganic phosphate there was 


TasBie IV 
Action of Malonate on Phosphopyruvate Formation 
The complete system was as in Table II. The results are given in micromoles of 
phosphate liberated by hypoiodite. 

















Malonate concentration 
| 0 0.001 u 0.003 u 0.005 u 
NS oe | 2.8 2.6 1.3 0.1 
EL... cchasekcaamancteat 2.0 2.0 1.2 0.8 
ee: 2, Sat tee | ae os es | 2.2 1.1 
TaBLe V 


Influence of Carbon Dioxide on Butyrate and Phosphopyruvate Disappearance 
Composition of the system: 2.5 ml. of liver enzymes + 0.2 ml. of m/15 phosphate 
buffer of pH 7.7 + 0.1 ml. of 0.1 m magnesium chloride + 0.5 mg. of cytochrome c 
preparation + 1 mg. of adenylic acid + sodium phosphopyruvate + 16.9 micromoles 
of butyrate. Series A, + 0.3 ml. of 0.15 m sodium bicarbonate; gas, 2 per cent carbon 
dioxide in oxygen. Series B, no bicarbonate; oxygen; CO, absorbed with alkali. 
Total volume, 6 ml. The results are given in micromoles. 





























Time 
Omin.| ain, | min. | min. | min. | mio. 
Series A (with Butyrate 16.9 | 16.8 | 15.4 | 14.5 11.7| 9.5 
CO) Phosphopyruvate 1.8; 0.3; 0 0 0 0 
Series B (no Butyrate 16.9 | 16.7 | 16.6 | 15.6 | 14.7 | 15.0 
CO,) Phosphopyruvate 2 1.2; 1.4] 1.0] 0.6] 0.1 





a small disappearance, but the enzyme preparation already contained a 
certain amount of phosphate. In the experiment shown in Table VI the 
estimations of phosphopyruvate were carried out after 40 minutes of incu- 
bation, whereas butyrate was estimated after 90 minutes, as the former 
compound disappears faster than the latter. 

Phosphopyruvate disappears faster when butyrate is oxidized. The 
absence of any of the components necessary for the oxidation slows down the 
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rate of disappearance. In the absence of bicarbonate, phosphopyruvate 
generally produces an inhibition of the small butyrate oxidation which 
occurs when no phosphopyruvate is added. 

Influence of Pyruvate and Lactate—Both these substances increase the 
rate of butyrate oxidation. However, in the majority of experiments they 
were less active than fumarate or phosphopyruvate plus carbon dioxide, 
Their action, in contrast to that of phosphopyruvate, is not influenced by 
the presence of carbon dioxide. In some experiments the disappearance 


Taste VI 
Disappearance of Butyrate and Phosphopyruvate 
Composition of the complete system as in Table V, Series A. Time of incubation 
at 25°, 40 minutes for phosphate estimation, 90 minutes for butyrate. The results 
are given in micromoles. 

















Pn = all Inorganic P Phosphopyruvate 

Complete system (initial). . 15.1 5.5 

. e oe Se ee 9.1 20.6 1.8 
No cytochrome Se ee 0 20.2 3.3 
** phosphate...... ee 6.7 9.8 0.5 
** adenylic acid 0 19.1 2.4 
‘* phosphopyruvate......... 1.2 17.5 0.4 
oh as 0 17.8 4.6 
“ butyrate...... i otal in Ai foment. 19.5 3.5 

Tasie VII 


Oxygen Uptake and Formation of Ketone Bodies 
Complete system as in Table II; 2 micromoles of fumarate; 90 minutes at 25°. 
The results are given in micromoles. 











Aceto- 8-Hydroxy- 








Oxygen COs ; 
uptake formed | > butyrate acetate | butyrate 
Complete system, no butyrate.... 2.4 2.2 0 0.8 
Same + 18 micromoles butyrate... 43.4 23.2 9.6 6.8 5.8 
sr * 
| | ‘ a | 





* Aniline method. 


produced by addition of lactate or pyruvate was increased by bicarbonate, 
but the blank was affected to the same extent. 

Oxygen Uptake and Reaction Product—In a previous paper (1) the oxygen 
uptake was measured in the system with a high concentration of fumarate. 
Under these conditions the oxygen uptake of the blank with no butyrate 
was rather high. After subtraction of this blank value, it was found that 
about 1 molecule of oxygen per molecule of butyrate was used up. The 
amount of acetoacetate formed was small. 
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In the later experiments, in which a low concentration of fumarate was 
used, the oxygen uptake of the blank was much lower. This gives more 
significance to the results, as it is doubtful whether the oxygen uptake of 
the blank should be subtracted from the uptake with butyrate. 

The results of an experiment in which both oxygen uptake and the ketone 
bodies formed were determined are reproduced in Table VII. The amount 
of acetoacetate formed per molecule of butyrate was 0.7 molecule, and 
there was good agreement between the aniline and the modified Van Slyke 
methods. About 0.5 molecule of 8-hydroxybutyrate was formed. There- 
fore it can be considered that all the butyrate which disappears is trans- 
formed into ketone bodies. The oxidation of butyrate to acetoacetate 
should require 1 molecule of oxygen. The uptake of oxygen actually found 
was about 4 molecules per molecule of butyrate. These high values, 
ranging from 3 to 4, have been observed in many experiments. The carbon 
dioxide formed was about 2.2 molecules per molecule of butyrate. 

The identity of the substance which is oxidized together with butyrate 
has not been established. 

DISCUSSION 

The rate of butyrate oxidation is increased by substances which intervene 
in the Krebs citric acid cycle. The same substances give rise to phospho- 
pyruvate. The latter substance is also active, but only in the presence of 
carbon dioxide. It is difficult to ascertain which is the active substance, 
because enzymes are present which catalyze their interconversion. For 
phosphopyruvate it appears probable that there might occur a carboxyla- 
tion to a phosphorylated C, compound. A carbon dioxide fixation on a 
phosphorylated compound has been suggested by Werkman and Wood (10). 
As to the type of reaction between the active compound and butyrate 
nothing isknown. Butyrate appears to be oxidized to acetoacetate without 
an intermediary formation of 3-hydroxybutyrate. Most preparations 
formed acetoacetate at a higher rate from butyrate than from 8-hydroxy- 
butyrate and in some enzyme preparations 8-hydroxybutyrate was not 
oxidized, while butyrate was. Similar results were obtained by Jowett and 
Quastel (11) in liver slices. 

The high oxygen uptake and carbon dioxide formation show that some 
other substance is oxidized together with butyrate. Either there is a coup- 
led reaction or butyrate acts by maintaining the activity of some part of 
the system necessary for the oxidation of other substrates. 


SUMMARY 


Succinate, fumarate, malate, citrate, and glutamate increase the rate of 
butyrate oxidation by preparations of liver enzyme. These same sub- 
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stances give rise to a formation of phosphopyruvate. The latter was also 
active, but only in the presence of carbon dioxide, whereas pyruvate and 
lactate were less active. No phosphopyruvate was formed in the absence 
of adenylic acid, cytochrome c, or inorganic phosphate. Malonate at 
different concentrations equally inhibited phosphopyruvate formation from 
succinate, fumarate, or citrate. 

Butyrate was nearly all recovered as acetoacetate, but the amount of 
oxygen used was greatly in excess for this reaction. 
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PYRIMIDINE NUCLEOSIDES AND NUCLEOTIDES AS 
GROWTH FACTORS FOR MUTANT STRAINS OF 
NEUROSPORA* 


By HUBERT S. LORING anp JOHN G. PIERCE 
(From the Department of Chemistry, Stanford University, California) 


(Received for publication, January 6, 1944) 


By means of x-ray and ultraviolet treatment Beadle and Tatum have 
produced mutant strains of Neurospora which differ from the normal wild 
type in their inability to grow on a simple medium containing salts, sugar, 
and biotin (1). In many instances it has been found that the medium may 
be made adequate for normal growth by the addition of yeast extract or a 
specific, well known cell constituent such as a water-soluble vitamin or an 
essential amino acid. It appears, therefore, that the new mutant is unable 
to synthesize the missing constituent and from the genetic evidence in the 
cases examined is differentiated from the normal by a single gene. 

Among the new mutants isolated was one, Strain 1298, that in prelim- 
inary experiments by Tatum and Beadle appeared to require uracil as a 
growth factor (2). Further experiments with this strain and with another 
pyrimidine-deficient mutant, Strain H263,' by the present authors showed 
that uracil was an effective growth factor, and, in fact, superior to yeast 
extract. A systematic examination of the constituents of yeast nucleic 
acid as growth factors for these mutants showed that the pyrimidine nu- 
cleosides or nucleotides were from 10 to 60 times as active as uracil. Cyto- 
sine and thymine were completely ineffective for one strain, No. 1298, but 
provided for some growth on the other, Strain H263. Other pyrimidines 
or related compounds examined for growth activity included 5-aminouracil, 
isocytosine, orotic acid (uracil-4-carboxylic acid), barbituric acid, methyl- 
cyanacetylurea, a mixture of the isomeric 2 ,6-aminochloropyrimidines, 2- 
methoxy-6-aminopyrimidine, thiamine hydrochloride, adenine, guanine, 
and xanthine. Of these substances, only orotic acid proved to have ap- 
preciable activity; the others either failed entirely to promote growth or 
the amount of growth was negligible. Both mutants produced conidia . 
as well as mycelial growth on all active supplements. 


EXPERIMENTAL 


Measurement of Growth—The composition of the basal medium has been 
described in detail by Horowitz and Beadle (3). The stock cultures were 


* Aided by a grant to Professor G. W. Beadle from the Nutrition Foundation, Inc. 
? This mutant, Strain H263, was isolated by F. P. Hungate and kindly made avail- 
able for this work. 
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maintained on agar slants containing the basal medium supplemented 
with 5 mg. of uracil per 10 ml. In most of the quantitative experiments 
growth was measured by the rate of progression of the mycelia on agar 
medium in horizontal tubes at 25° (1). These were prepared by adding 
the supplement in each case to the basal medium containing 3 per cent of 
pyridine-extracted agar. Inoculations were made by means of a sterile 
loop from a spore suspension in sterile distilled water. The tubes were 
marked for the first time about 24 hours after inoculation to allow suffi- 
cient time for the mycelial front to become well established. After this 
they were marked either at 12 or 24 hour intervals over a period of 3 or 4 
days, and the average rate in mm. per hour was calculated. As rates of 
less than 1 mm. per hour could not be measured with any degree of ac- 
curacy over the usual 12 hour period, they were calculated from the total 
distance covered by the mycelia during the experiment. 

Materials—The samples of the pyrimidine nucleotides were obtained from 
yeast nucleic acid after hydrolysis with ribonucleinase as described by Lor- 
ing and Carpenter (4) and also after alkaline hydrolysis ((5) p. 218), 
Cytidylic acid was used in the form of the free acid, uridylic acid as the 
crystalline diammonium salt. 

Cytidine was prepared from pure cytidylic acid after acid hydrolysis, 
essentially as given by Levene (6). 1.5 gm. of cytidylic acid dissolved in 
3 ml. of 10 per cent (by weight) sulfuric acid in a sealed tube were hy- 
drolyzed by heating in an oil bath at 130° for 4 hours. The hydrolysate 
was freed of phosphate and sulfate by means of barium hydroxide, and 
cytidine was precipitated as the picrate. The latter after recrystallization 
was converted to the sulfate by the usual procedure ((5) p. 165). 265mg. 
of a product which melted with decomposition at 222° were obtained. 
After two recrystallizations the decomposition point was raised to 232-233° 
when the sample was placed in the bath at 228°. 

The conditions of hydrolysis mentioned for the preparation of cytidine 
are those given by Levene and coworkers ((7), (5) p. 202) for the con- 
version of cytidylic acid to cytosine. However, in the publication cited 
above (6) cytidine was isolated under these conditions. In an experiment 
in which 100 gm. of yeast nucleic acid were autoclaved with 10 per cent 
- sulfuric acid in an attempt to prepare cytosine, only 20 mg. of the free base 
were obtained. When the mother liquors were worked up for cytidine 
sulfate, 320 mg. were isolated. 

Cytidine sulfate was also prepared by the method of Bredereck et al. 
(8). The vield from 100 gm. of nucleic acid was 1.1 gm. 

Uridine was not isolated but was prepared in solution by the treatment 
of cytidine sulfate with nitrous acid ((5) p. 169). Excess nitrous acid 
was removed by evaporation to dryness in vacuo. A quantitative conver- 
sion to uridine was assumed. 
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Uracil was in part obtained from a commercial source (Eastman Kodak 
Company) and in part synthesized by the method of Davidson and Bau- 
disch (9). The product obtained by the latter procedure after recrystal- 


‘lization melted with decomposition at 336°. 


Cytosine, the isomeric 2,6-aminochloropyrimidines, and 2-methoxy-6- 
aminopyrimidine were synthesized by the method of Hilbert and Johnson 
(10). From an initial 25 gm. of uracil 2.15 gm. of free cytosine with a de- 
composition point of 318° were obtained. It was also prepared by the 
hydrolysis of cytidine sulfate as given by Hunter and Hlynka (11) for the 
preparation of cytosine from yeast nucleic acid. 500 mg. of cytidine sul- 
fate dissolved in 5 ml. of 20 per cent hydrochloric acid were heated in a 
sealed tube at 175° for 2 hours. The excess hydrochloric acid was re- 
moved in vacuo, and the residue was redissolved in water and treated with 
an excess of hot barium hydroxide. The suspension was distilled in vacuo 
to remove ammonia, and the barium was removed quantitatively with 
sulfuric acid. The filtrate was decolorized with norit and concentrated to 
a small volume in vacuo. 64 mg. of uracil, which melted with decom- 
position at 332°, crystallized from the solution. The filtrate was further 
concentrated, and a small amount of insoluble material filtered off. When 
the latter filtrate was made alkaline with concentrated ammonium hy- 
droxide, a typical crystalline precipitate of cytosine separated. After 
recrystallization from dilute ammonia 52 mg. of cytosine with a decom- 
position point of 315° were obtained. A mixture with the synthetic prod- 
uct showed no depression of the decomposition point. 

Thymine and methyleyanacetylurea were synthesized by the method of 
Bergmann and Johnson (12). The melting points of the two latter com- 
pounds were 318-319° and 192° respectively. Samples of synthetic cyto- 
sine, isocytosine, and orotic acid were kindly provided by Professor T. B. 
Johnson.” 

Results of Growth Experiments—The kind of growth response found varied 
with the nature of the supplement. With the more active factors, con- 
stant growth rates at different levels for the different concentrations were 
reached 12 or 24 hours following the initial lag period. When uracil or 
orotic acid was used, however, a phenomenon of adaptation was observed 
(13). Whereas the initial rate on a suboptimal concentration was low or 
even negligible, the values increased progressively with time. The be- 
havior of mutant Strain 1298 on different levels of uridylic acid and uracil 
is shown graphically in Fig. 1. For comparison, a curve showing the be- 
havior of the normal or wild type Neurospora on the basal medium supple- 
mented with 10 mg. of uracil per 10 ml. (Curve a) is also shown. The aver- 
age growth rates on different uracil and uridylic acid concentrations for 
each 12 hour incubation period were plotted against time as the mycelial 


* We should like to express our thanks to Professor Johnson for these samples. 
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front advanced down the length of the tube. With both uracil and uridylic 
acid maximum growth rates comparable to that of the wild type were ob- 
tained at levels of 10 and 1 mg. respectively per 10 ml. of medium (Curves 
band c). With 0.08 mg. of uridylic acid per 10 ml., a constant growth 
rate was established at about 1.4 mm. per hour (Curve e). With less than 
the optimal concentration of uracil, however, i.e. 2 or 3 mg. per 10 ml, 
(Curves d and h), the rate increased with time, and the maximum was ob- 
tained after about 72 hours. With a concentration of 1 mg. of uracil per 
10 ml., no signs of growth were evident for about 48 hours (Curve f), but 
after this a progressively increasing rate of growth was observed. It was 
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Fie. 1. Rates of growth of the mutant Strain 1298 on uracil and uridylic acid after 
different incubation periods. Concentrations are expressed as mg. per 10 ml. of 
basal medium. Curves b,h,d,and/f, 10,3, 2, and 1 mg. of uracil respectively; Curves 
c, e, and g, 1, 0.08, and 0.025 mg. of uridylic acid respectively; Curve a, wild type 
control on 10 mg. of uracil. 


not determined, however, whether or not, if given sufficient time, the maxi- 
mum rate would have been obtained in this case. As the concentrations 
are increased 2- or 3-fold above the optimum values, maximum growth 
rates are also found. When the concentration of uracil was increased to 
100 mg. per 10 ml., however, a definite inhibition of growth was observed. 

The maximum rates of growth of the two mutants on each of the different 
supplements are summarized in Table I. Several striking differences be- 
tween the two mutants are apparent from these results. While Strain 
1298 fails completely to grow on the basal medium, Strain H263 grows at 
a rate of approximately 0.25 mm. per hour. The latter strain, in contrast 
to Strain 1298, also shows an appreciable ability to utilize cytosine, thy- 
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mine, and yeast nucleic acid. Unlike Strain 1298, however, it has failed 
to show as high a maximum rate of growth as that found for the wild type. 

The relative efficiency of uridine, cytidine, uridylic acid, cytidylic acid, 
and uracil in promoting growth of the mutant Strain 1298 is shown in Fig. 
2. The growth rates were plotted as a function of the logarithm of the con- 
centration expressed as micrograms per 10 ml. of medium. The points 
shown are the averages of two or more experiments in each case. From 
these results it is apparent that uridine is the most active growth factor for 
this mutant, promoting maximum growth at a level of 160 y per 10 ml. 
Cytidine is slightly less active, maximum growth being obtained at about 


TaBLe I 
Mazimum Rates of Growth of Mutant Strains 1298 and H263 on Various Supplements 











‘ Rate of growth 
Supplement Concentration 
—_— Strain 1298 | Strain H263 
mg. per 10 ml. mm. per hr. mm. per hr. 
cet wn dee tah eadnwmine a 10 4.0,4.0,4.1* | 2.8, 3.2, 3.3 
SEG Ss acs ondcoostouwees 10 0 | 1.2,1.4 
Uracil + riboset...............| 0.35 uracil; 0 
0.46 d-ribose 
Cytosine + ribose .......... . 10 cytosine; 0 | 1.2 
10 d-ribose 
| Raa RRR ba 10 0 | 1.2, 0.9, 1.4 
EE cn. ees nivecsnn ste 7 4.1 3.3 
Cytidine sulfate............... 0.9 4.2, 4.2 | 3.6, 3.3 
EE A eC eee yt 0.75 4.2, 4.3 
Cytidylic acid................. ee 4.1, 4.0, 4.0 3.3, 3.1 
Diammonium uridylate........ 1.2 4.1, 4.0 3.0, 3.0 
Yeast ribonucleic acid.........| 2.5 0 | 3.2, 2.9 
en nen caw siaue iotnn an as oa 0 0.25 








* Each value represents the maximum rate found in a different experiment. 
t Obtained from the A. D. Mackay Company. 


400 y. Uridylic acid allows maximum growth at slightly less than 1 mg. 
per 10 ml., whereas with cytidylic acid 1 mg. is required. In the case of 
uracil the points shown represent the maximum rates reached at the 
different concentrations in experiments of 3 or 4 days duration; under these 
conditions owing to the adaptation phenomenon mentioned above the 
maximum rate is obtained with about 5 mg. per 10 ml. 

The results plotted in Fig. 2 also show a significant difference in the 
maximum growth rates for the nucleosides as compared to the nucleotides. 
Here as well uridine is superior to cytidine, whereas uridylic and cytidylic 
acids give the same value. 
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The inability of mutant Strain 1298 to utilize cytosine for growth as 
compared to its ability to use cytidine or cytidylic acid and the relatively 
low activity of uracil suggested that the available d-ribose concentration 
might be a limiting factor in the utilization of the free pyrimidines. Ex- 
periments were, therefore, carried out in which d-ribose as well as cytosine 
and uracil were used as supplements. The addition of d-ribose in amounts 
up to 10 mg. per 10 ml. of medium failed to affect the growth-promoting 
properties of either uracil or cytosine. 

The various other compounds tested, in the case of Strain 1298, included 
isocytosine, barbituric acid, thiamine hydrochloride, adenine sulfate, 
guanine, and xanthine. In addition to these, methyleyanacetylurea, iso- 
meric 2,6-aminochloropyrimidines, and 2-methoxy-6-aminopyrimidine 
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Fie. 2. Rates of growth of the mutant Strain 1298 as a function of concentration. 
A, uridine; A, cytidine; @, uridylic acid; O, cytidylic acid; g, uracil. 


were tested on mutant Strain H263. The concentration used in each case 
was 10 mg. per 10 ml. of medium. With Strain 1298, as in the blank, no 
growth was obtained. With Strain H263 rates of growth comparable to 
that of the blank occurred. 

Genetic Analysis—In order to determine whether or not single genes 
were responsible for the inability of these mutants to synthesize the pyrimi- 
dine nucleosides and nucleotides, they were crossed with the normal wild 
type. The eight ascospores from each of twenty asci of the Strain 1298 
cross and from each of nine of the Strain H263 cross were isolated in order, 
germinated on medium supplemented with cytidylic acid, and their iden- 
tity determined by transferring to unsupplemented basal medium. Of 
each set of eight ascospores examined, four failed to grow in the absence 
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of the pyrimidine supplement, while the other four grew like the normal 
wild type. These results indicate that both mutants differed from the nor- 
mal in synthetic ability by one gene.* 

Heterocaryon Formation—The different growth response of the two mu- 
tants to the various supplements mentioned above indicated a difference 
in their genetic constitution. In other such cases in which two Neurospora 
mutants are unable to synthesize an essential constituent, it has been 
shown that the formation of a heterocaryon between the two (i.e. hyphae 
in which two or more genetic types are present) produces a new strain, 
which now is able to grow on the basal medium alone (2). In such in- 
stances, it appears that the reaction by which the missing constituent is 
synthesized is blocked at different steps in the two strains. A combina- 
tion of the two as a heterocaryon allows the complete synthesis to be 
effected, and the new strain behaves like the wild type in its ability to 
grow without added supplement. 

When small portions of mycelium from Strains 1298 and H263 of the 
same mating type were placed together on the basal medium, it was found 
that growth comparable to that of the wild type took place.* 

DISCUSSION 

Although free pyrimidines have been reported previously as growth fac- 
tors for several different microorganisms (14-16), it does not appear that 
the availability of the corresponding naturally occurring nucleosides and 
nucleotides has been studied. From the results presented above it seems 
possible that the latter will prove more active in those cases, as they have 
for the pyrimidine-deficient Neurospora mutants. It is reasonable to as- 
sume that such microorganisms are unable to synthesize sufficient nucleic 
acid for normal cell development and growth owing to their inability to 
synthesize the pyrimidine components. 

The relatively low availability of the free pyrimidines for the growth of 
these Neurospora mutants compared,to the nucleosides and nucleotides is 
in agreement with the poor utilization of free pyrimidines which has been 
reported in higher animals (17). As nucleic acid and the pyrimidine 
nucleosides are readily metabolized under the latter conditions (17, 18), the 


* These experiments on Strains 1298 and H263 were performed by G. W. Beadle 
and F. P, Hungate respectively. 

‘The growth requirements of a third mutant, Strain 45203, supplied to us by Pro- 
fessor Beadle were also investigated. It was found to grow on hydrolyzed yeast 
nucleic acid, on uracil, cytidine sulfate, cytidylic acid, and uridylic acid at rates 
similar to those obtained for Strgin 1298. As the new mutant failed to grow on 
cytosine and thymine and did not form a heterocaryon with Strain 1298, it appeared 
identical with the latter and therefore provides an example of a reoccurrence of the 
same gene mutation. 
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results of both types of experiments show a greater importance for the 
nucleosides and nucleotides in the metabolism of nucleic acid. This is 
particularly striking in the case of mutant Strain 1298, which although 
completely unable to utilize cytosine, nevertheless grows well on cytidine 
or cytidylic acid. Here, although this mutant is unable to deaminate 
cytosine to uracil, it is evidently able to convert cytidine to uridine or 
vice versa. In this instance and probably with other strains of Neurespora 
as well, it appears unlikely that free cytosine functions as an intermediate 
in the synthesis of cytidine and cytidylic acid. 

The use of choline-deficient, pyridoxine-deficient, and p-aminobenzoic 
acid-deficient mutants in methods of assay for choline, pyridoxine, and 
p-aminobenzoic acid, respectively, has been reported (3, 19, 20). Ina 
similar manner it is possible to use the mutants described in the present 
paper to determine total pyrimidine nucleoside and nucleotide concentra- 
tion in terms of any one of the more active compounds. The determination 
of the individual nucleosides or nucleotides, however, must await the 
development of a satisfactory fractionation procedure. 


SUMMARY 


The growth requirements of two experimentally produced mutant strains 
of Neurospora, Nos. 1298 and H263, which are unable to grow on a basal 
medium containing simple salts, sugar, and biotin have been studied. It 
has been shown that when the pyrimidine compounds which occur in 
yeast ribonucleic acid are used as supplements, normal mycelial growth and 
production of conidia result. The nucleosides, uridine and cytidine, and 
the nucleotides, uridylic acid and cytidylie acid, are from 10 to 60 times as 
active as the free pyrimidines, uracil or orotic acid. Cytosine and thymine 
are completely inactive for one mutant, Strain 1298, but provide for some 
growth for the other, Strain H263. 

The difference in the availability of the free pyrimidines for the growth 
of the two mutants, the production of a heterocaryon when they are 
allowed to fuse, and the types of segregations obtained after crosses with 
the normal wild type are consistent with the theory that pyrimidine syn- 
thesis in these microorganisms involves several reactions, each of which is 
controlled by a single gene. 


The authors would like to thank Professor Beadle and Professor Tatum 
for their helpful collaboration in this work. 
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This method is based on the fact that glutamic acid can be converted to 
pyrrolidonecarboxylic acid under conditions which do not affect other 
amino acids, except cystine and cysteine. The corresponding decrease in 
amino nitrogen, corrected for cystine, can be used to estimate the amount 
of glutamic acid in protein hydrolysates. By the use of the Van Slyke 
manometric apparatus, the method is applicable to the determination of 
glutamic acid in 25 to 100 mg. samples of protein with an estimated ac- 
curacy of 5 per cent. 

Several attempts to use the glutamic acid-pyrrolidonecarboxylic acid 
reaction for a quantitative estimation of glutamic acid and glutamine have 
been recorded. Vickery (1) suggested boiling protein hydrolysates at pH 3 
for a sufficient length of time to convert glutamic acid to pyrrolidone- 
carboxylic acid, extracting the latter with ethyl acetate, reforming glutamic 
acid from it by acid hydrolysis, and isolating the glutamic acid hydro- 
chloride. Wilson and Cannan (2) described the behavior of the glutamic 
acid-pyrrolidonecarboxylic acid system in detail and recommended that 
solutions be adjusted to pH 4 and heated for 50 hours at 100° or 6 hours at 
120° in order to obtain optimal rate and extent of transformation of glu- 
tamic acid to pyrrolidonecarboxylic acid. In attempting to use this method 
for the determination of glutamic acid they found that protein hydrolysates, 
when boiled for several days at 100°, lost far more amino nitrogen than 
could be accounted for by the amount of glutamic acid present, a fact 
which they attributed to anhydride formation. Pucher and Vickery (3) 
determined glutamine by converting it to pyrrolidonecarboxylic acid with 
heat in neutral solution, extracting the latter with ethyl acetate at pH 2.4, 
and determining the amino nitrogen in the extract before and after hy- 
drolysis with hydrochloric acid. The increase was a direct measure of the 
glutamine originally present. This method did not yield satisfactory 
results for Neuberger and Sanger (4) who, instead, determined glutamine 
by measuring the carbon dioxide developed by ninhydrin treatment both 
before and after heating for 2 to 3 hours at pH 6.8. 

Isolation procedures have been used in the determination of most of 
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the recorded values for the glutamic acid content of proteins. Chibnall 
and his coworkers (5) have refined the Foreman procedure (6) to a claimed 
accuracy of 1 or 2 per cent but the method is lengthy and laborious. Glu- 
tamic acid has also been determined by the isotope dilution technique (7) 
and by an enzymatic method (8) in which glutamic acid is converted to suc- 
cinie acid by oxidation and the latter is determined in the Warburg appara- 
tus. A microbiological method has recently been suggested (9). The 
present procedure appears to have the advantages of rapidity and con- 
venience over those previously described. 


EXPERIMENTAL 


Effect of pH and Time of Autoclaving on Amino Nitrogen Loss of Glutamic 
Acid—The following experiments at 125° gave results similar to those ob- 
served by Wilson and Cannan (2) at 100° and 120°. A series of glutamic 
acid solutions was made up at final reactions ranging from pH 2 to 6 by 
the addition of acid or alkali. The 0.5 per cent glutamic acid solution had 
a pH of 3.3. (All pH determinations were made by the use of the glass 
electrode.) Residual amino nitrogen was determined by the Van Slyke 
manometric method after 1, 2, 3, and 4 hours of autoclaving at 125°. The 
results indicated that within the pH range of 2.5 to 4, 92 to 96 per cent of 
the glutamic acid was changed to pyrrolidonecarboxylic acid after 4 hours. 
The reaction pH 3.3 was chosen as the preferred hydrogen ion concentration 
as a compromise between rapidity (pH 3.0) and completeness (pH 4.0) of 
conversion (2). A larger series was run with glutamic acid (pH 3.3) for 
periods of time up to 15 hours. As shown in Table I, equilibrium was 
approached in 4 hours. In designing a method, it did not appear to us to 
be necessary to reach an exact equilibrium; whenever the rate of change of 
glutamic acid to pyrrolidonecarboxylic acid had become so slow that the 
percentage of residual amino nitrogen was reproducible, the analysis could 
be made reasonably quantitative. In practice, a period of 4 hours in the 
autoclave was adopted. 

When glutamic acid solutions were autoclaved, a decline in pH of ap- 
proximately 1 unit occurred. However, in the assays of proteins, the pH 
remained within 0.5 unit of the adjusted value, the unaffected amino acids 
acting as buffers. It is appreciated that the conditions of pH, time, and 
temperature of autoclaving are not necessarily optimal for this reaction; 
they have, however, been convenient in our hands. 

Effect of Autoclaving on Individual Amino Acids—The amino acids used 
were commercial preparations except for glutamic acid, aspartic acid, and 
cystine, each of which had been recrystallized five times. Solutions of the 
amino acids or their hydrochlorides were made up to contain 5 mg. per ml. 
When necessary, acid was added to facilitate solution. 5 ml. aliquots were 
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titrated with 0.1 N acid or alkali to determine the amount necessary to bring 
the pH to 3.3. A second aliquot was pipetted into a 25 ml. volumetric 
flask, and the acid or alkali added as found necessary. The mixture was 
then diluted to about 15 ml., autoclaved for 4 hours at 125-126°, cooled, 
and diluted to volume. No detectable loss (less than 1 per cent) of amino 
nitrogen occurred with tryptophane, lysine, histidine, arginine, tyrosine, 
methionine, serine, threonine, glycine, alanine, and aspartic acid. No 
amino nitrogen developed in solutions of proline or hydroxyproline. Cys- 
tine lost approximately 50 per cent and cysteine 20 per cent of their original 
“amino nitrogen.”” These anomalies will be discussed in greater detail 
below. 

Six separate determinations (each in duplicate) of glutamic acid showed 
the following percentage losses: 91.8, 91.0, 92.4, 92.4, 91.5, 92.3, average 91.9. 
In the calculations which follow it has been assumed that the decrease of 


TaBLe I 
Loss of Amino Nitrogen in Glutamic Acid Solutions Autoclaved at 125° 





Time Residual amino nitrogen Amino nitrogen loss 





hrs. mg. per ml. per cent 
0 0.193 
1 0.087 
2 0.037 
3 0.023 
4 0.016 
7 0.013 
5 0.013 





BSSBSE 








amino nitrogen due to glutamic acid represents 92 per cent of that originally 
present.! 

Recovery of Glutamic Acid from Mixtures of Amino Acids (Exclusive of 
Cystine and Cysteine)—The experiments outlined in Table II indicated that 
the cyclization of glutamic acid was not appreciably affected by the presence 
of mixtures of amino acids (exclusive of cystine and cysteine) similar to 
those obtained by protein hydrolysis. The slight decrease in the amino 
nitrogen content of the amino acid mixtures without glutamic acid is 
possibly ascribable to traces of glutamic acid, cystine, or other extraneous 
compounds in the preparations. One run with hydrolyzed gramicidin, 
known to contain no glutamic acid or cystine (10), indicated that mixtures 


1 The factor to be used for calculation with protein hydrolysates can best be esti- 
mated for any given run by determining the loss of amino nitrogen in a solution of 
glutamic acid containing an equivalent amount of salt and autoclaved simulta- 
neously. 
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of amino acids, at least as they occur in this substance, do not lose appreei- 
able amounts of amino nitrogen during autoclaving (amino N, before auto- 
claving, 0.103 mg. per ml.; after, 0.102 mg. per ml.). 

Magnitude of Cystine Correction—Two samples of cystine, one carefully 
purified ({a]?* = —213° in 1.0 n HCl), the other a commercial product, 
gave similar results. As shown in Table III, approximately 136 per cent 
of the calculated amino nitrogen was determinable by the manometric Van 
Slyke procedure. Kendrick and Hanke (11) reported about 140 per cent. 
After 4 hours at 125° and at pH 3.3, the amino nitrogen loss was equivalent 
to 50 per cent of the observed value, or 65 per cent of the theoretical value, 
The loss in amino nitrogen due to cystine in mixtures of amino acids and 
protein hydrolysates varied from 47 to 70 per cent of theory (Table III). 
From these data we have chosen arbitrarily to use the value of 65 per cent 
as an approximation in glutamic acid analyses. 

The following assumptions have been made in calculation of the corree- 
tion due to the behavior of cystine: that there is a loss of approximately 10 
per cent of the original cystine of a protein after 48 hours of hydrolysis with 
20 per cent hydrochloric acid, as demonstrated with insulin by Miller and 
du Vigneaud (12), and that the residual cystine is present as such whether 
arising from cystine or cysteine originally. These assumptions have been 
shown to be correct for gliadin when determined by a modification of 
Vassel’s method (13). 








Method of hydrolysis Cysteine Cysteine + cystine 
per cent per cent 
RIE, OA De... ons cence. 0.23 | 2.13 
20% HCl, 24 hrs........ dilee'| Trace 2.15 
ie PM. BR On 4 cine vas A ei trerwetaeslont 42 1.97 





Most proteins contain approximately 10 times as much glutamic acid as 
cystine; hence errors in the assumptions mentioned above would be within 
the expected error of the method. For keratins and insulin, the same 
protein hydrolysate probably should be used for separate glutamic acid 
and cystine analyses, in order to make the cystine correction more accurate. 
In calculating the glutamic acid content of proteins (48 hours hydrolysis), 
we have found it convenient to subtract 0.78 mg. for each 1 mg. of cystine 
plus cysteine known to be present.” 

The nature of the reactions which occur in the cystine solutions at pH 
3.3 and 125° has not been studied in detail. One solution contained, after 


? Each mg. of cystine would account for a loss of 0.9 X 14/120 XK 0.65 = 0.068 mg. 
of amino nitrogen, which would in turn be calculated as 0.068 147/14 < 100/92 or 


0.78 mg. of glutamic acid. 
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TaBLe II 


Recovery of Glutamic Acid from Miztures of Amino Acids (Excluding Cystine 
and Cysteine) 











atin ests | Gluteade ocht Amino nitrogen*® Glutamic acid found 
mix No. adde - 
Original | Autoclaved NH:-N Difference | Recovery 
om, Sia mg. per mil. | mg. perml. | mg. per mil. | mg. per mil. per cent 
f | 
1t 0 0.171 0.166 | 0.0055 
1 0.095 0.270 0.176 0.102 | 0.0965 102 
2t 0 0.103 0.1015 0.002 
2 0.0335 0.136 0.104 0.035 0.033 98 





* Each figure is the average of four determinations checking within 3 per cent. 

+ Mix 1 contained (in 100 ml.) tryptophane 15 mg., tyrosine 40 mg., phenylalanine 
20 mg., arginine hydrochloride 50 mg., histidine hydrochloride 20 mg., alanine 50 
mg., valine 50 mg., aspartic acid 20 mg., proline 150 mg., hydroxyproline 30 mg., 
leucine 60 mg., methionine 20 mg., lysine dihydrochloride 20 mg., and threonine 100 
mg. 

t Mix 2 contained (in 50 ml.) serine 40 mg., threonine 35 mg., leucine 150 mg., 
isoleucine 150 mg., tyrosine 125 mg., histidine hydrochloride 125 mg., arginine hy- 
drochloride 35 mg., and lysine 15 mg. 











Taste III 
Loss of Amino Nitrogen from Cystine Solutions Autoclaved 4 Hours at 125° 
—_ : ; . Loss due to 
presast, thee pI | oy tine 
retical Original | Autoclaved | theoretical 
me. NH2-N me. NHo-N mg. NHN 
per mi. per mil. ! per mi. | 
Cystine, recrystallized......... 0.117 0.153 0.077 65 
7 commercial............ 0.117) | 0.1545 | 0.075 | 68 
¥ + glycine + gluta- 
mic acidft....... ahr Dalen alee it 0.112 0.364 0.184 | 69 
Cystine + caseinf............. 0.0303 0.1925 0.144 | 70 
ee + amino acid Mix 2§..; 0.0243 (| 0.1325 0.1186 | 51 
+ glutamic acid + 
amino acid Mix 2|| 0.0243 0.1675 0.1235 | 47 





* Average of three to five determinations checking within 3 per cent. 

+t Equimolecular quantities; calculated loss for glutamie acid, 92 per cent of 
0.112 = 0.103 mg. of amino nitrogen per ml. 

t 10 mg. of cystine + 90 mg. of casein, hydrolyzed 48 hours with 20 per cent HCl. 
Loss of amino nitrogen from casein hydrolysate, calculated from data in Table IV. 
Assumed 10 per cent loss of cystine during hydrolysis. 

§ See foot-note to Table II. Correction was applied for the loss of the amino 
nitrogen of the amino acid mixture without cystine. 

|| Calculated loss for glutamic acid, 92 per cent of 0.0335 = 0.031 mg. of amino 
nitrogen per ml. 
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being autoclaved, only 30 per cent of its nitrogen in the form of cystine; 
60 per cent was present as ammonia. The cystine changes were not in 
equilibrium after 4 hours. A sample of cystine which had been autoclaved 
for 16 hours contained only 43 per cent of the theoretical amino nitrogen 
compared with the 65 per cent remaining after 4 hours. 

A sample of cysteine hydrochloride was investigated. The standard 
procedure for amino nitrogen gave 130 per cent of the theoretical value, 
similar to the result for cystine, but only 20 per cent disappeared during 
autoclaving. 

Possible Interfering Substances (Other Than Amino Acids)—A number of 
proteins contain small amounts of non-amino acid constituents, the possible 
interference of which should be emphasized. Among these are glucose, 
glucosamine, and the products of hydrolysis from nucleic acids, heme, ete. 
Only the first two of these have been studied briefly. Glucose was added 
in amounts equivalent to 3 per cent of the protein to a wheat gluten hy- 
drolysate without affecting the loss of amino nitrogen upon autoclaving, 
On the other hand, a solution of commercial glucosamine lost 20 per cent of 
its amino nitrogen. Hence, small amounts of carbohydrates probably will 
not affect glutamic acid determinations by this method, but when glucos- 
amine is present, additional corrections will have to be made. 

Procedure—The glutamic acid analyses shown in Tables [V to VI were 
obtained by the following method: 100 mg. samples* (in duplicate) were 
weighed into small flanged test-tubes, 2 ml. of 6 Nn HCl were added, and the 
tubes were heated on the steam bath until solution occurred. They were 
then equipped with cold finger condensers and immersed to the depth of 
1 to 14 inches in a stirred oil bath kept at 120-125° for 48 hours. After 
cooling, the contents of the test-tube were transferred to a 10 ml. volumetric 
flask with thorough washing, and adjusted to the mark. The solution was 
then filtered through dry filter paper (Whatman No. 4, 7 cm.) to remove 
the humin, 2 ml. of the filtrate were diluted to 10 ml. for the control, and 
a second 2 ml. sample was titrated to pH 3.3 with 1 n NaOH, bromophenol 
blue and a glass electrode being used for the final adjustment; slightly over 
2 ml. of alkali were required. A third 2 ml. aliquot was adjusted to pH 
3.3 with the necessary amount of alkali, as determined above, in a 10 ml. 
volumetric flask; water was added to make a total volume of 7 to 8 ml. 


* By using 5 ml. instead of 10 ml. volumetric flasks, 25 mg. samples would give 
sufficient material for duplicate amino nitrogen determinations on the control and 
autoclaved hydrolysates. 

‘ Attempts were made to avoid this titration by adding a citrate buffer (pH 3.3) 
after approximate neutralization of the acid; however, abnormal losses of amino 
nitrogen due to the presence of citrate occurred during autoclaving. 

5 The final volume is not important. Samples of a wheat gluten hydrolysate were 
diluted 1:5, 1:10, and 1:20 and autoclaved. The loss of amino nitrogen was indentical 
in each case. 
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and the flask was placed in a steam autoclave for 4 hours at 125-126° 
(19 to 20 pounds per sq. in.) measured from the time at which this tempera- 
ture was attained. After being cooled the solution was diluted to 10 ml. 
2 ml. aliquots of the control and autoclaved samples were analyzed for 
amino nitrogen by the standard Van Slyke manometric technique with 
a3 minute reaction period. Control and autoclaved samples were analyzed 
successively in order to minimize variations in the blank. Calibrated pi- 
pettes were used. Temperature was recorded to the nearest 0.2°. 

The per cent glutamic acid content when 100 mg. samples of protein 
were used was calculated by the formula 


57,070(N; — Nz) — 0.78C (100 — M) 
(100 — M) 





% glutamic acid (dry basis) = 


in which , equals the original amino nitrogen in mg. per ml., Ne is the 
amino nitrogen of the autoclaved sample, C is the cystine content of the 
protein in per cent, and M is the moisture content of the protein sample 
in per cent.® 

Most of the proteins were hydrolyzed 48 hours instead of the usual 20 
to 24 hours. With casein 24 and 48 hour hydrolysates were compared 
(Table IV). No detectable differences were noted, in contrast to the ob- 
servations of Osborne and Guest (14). The assumption that the humin 
contained insignificant amounts of glutamic acid appeared justified from 
the experiments of Roxas (15). 

The pH of the protein hydrolysates after being autoclaved varied from 
2.5 to 4, with most values falling within the range of 2.9 to 3.6. No detect- 
able differences in the analytical values could be traced to variations within 
this range of the final pH. 

Variability of Results with Protein Hydrolysates—A number of determina- 
tions were run upon hydrolysates of a commercial casein sample. The 
results (Table IV) illustrate the variations which occurred in our hands and 
call attention to an important weakness of the method; namely, that the 
desired data are differences between analytical results each of which may 
vary within the limits of expected error for the determination of amino 
nitrogen. Differences between duplicate pairs of analyses varied as much 
as differences between separate hydrolyses. It therefore does not seem as 
important to hydrolyze a number of separate samples in order to approach 
maximum accuracy as it does to obtain multiple analyses of two or three 
hydrolysates. 

Recovery Experiments with Protein Hydrolysates—The results of experi- 


* The constant 57,070 is equal to 50 X 147/14 X 100/92 X 100, in which 50 represents 
the dilution factor, 147/14 the conversion from amino nitrogen to glutamic acid, 
100/92 the correction for the incomplete conversion to pyrrolidonecarboxylic acid, 
and 100 the conversion to percentage. 
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ments in which glutamic acid was added to gelatin and casein are shown in 
Table V. The recoveries are close enough to 100 per cent to indicate that 
the method can be used to obtain approximate results for proteins of un- 
known glutamic acid content. 

Glutamic Acid Determination in a Series of Proteins—The data in Table 
VI were obtained by the method described above. Most of the glutamic 
acid analyses agree within the range of expected accuracy with those of 


Taste IV 


Reproducibility of Amino Nitrogen Determinations in Duplicate and on Duplicate 
Hydrolysates of Casein before and after Autoclaving 4 Hours at 125° 





Amino N (single determinations | 




















Hydrolysate No.* and time Glutamic ——— 
of hydrolysis acidt &e+ 
Original Autoclaved Difference 
hrs. mg. per mi. me. per ml. | me. perml. | per cent | per ceni 
a 0.1905 0.1445 | 0.03 | 228 | 
0.182 0.146 0.036 | 22.8 | 
rt 0.182 0.147 0.035 22.1 | 
0.181 0.148 0.033 20.7 
3 48 0.1835 0.147 0.0365 23.0 
0.180 0.145 0.035 22.1 
4 48 0.182 0.148 0.034 21.4 
0.184 0.151 0.037 23.3 
5 48 0.181 0.144 0.037 23.3 
0.1805 0.147 0.0335 21.1 | 22.340.3 
6 48 0.188 0.145 0.043 27.1 
7 48 0.184 0.146 0.038 24.0 | 
8 48 0.179 0.145 0.034 22.1 | 
so 1 Oe 0.187 0.149 0.039 4.7 | 
10 | 48 0.1825 0.148 0.0345 21.7 |23.9+0.9 
11 24 0.182 0.1485 0.0335 2.1 | 
| 0.1855 0.146 | 0.039 24.7 
12 24 | 0.1835 0.151 0.0325 20.5 | 
| 0.187 0.152 0.035 22.1 | 22.1+0.9 


* Hydrolysates 1 to 5 were hydrolyzed simultaneously; Hydrolysates 6 to 10 were 


hydrolyzed over separate periods. 
+ Corrected for cystine content. 
t Standard error = +/3d?/n(n — 1). 





other investigators. Because of the uncertainties which have already been 
mentioned, it is possible that the final figure may be in error by as much as 
10 per cent. The true glutamic acid contents can probably be considered 
as, if anything, less than the recorded data, inasmuch as most errors would 
tend to increase the apparent glutamic acid content. Included in these 
errors would be the possible slight loss of amino nitrogen from mixtures of 
amino acids other than glutamic acid, and the possible presence of protein 
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constituents other than amino acids which would either themselves lose 
amino nitrogen or react with amino acids during the autoclaving, with a 
resultant net loss of amino nitrogen. 

Chibnall and coworkers (5) have reported analyses for the glutamic acid 
contents of egg albumin, 8-lactoglobulin, and edestin which they considered 
within 1 or 2 per cent of the true values. In the present analyses, the 
glutamic acid content of 6-lactoglobulin agreed, but that of egg albumin 
was somewhat higher than was found by these workers, although still 
within the limit of error of the method. Our sample of edestin appeared 
to contain less glutamic acid than did Chibnall’s. 


TABLE V 
Recovery of Added Glutamic Acid from Protein Hydrolysates* 











| Total amino Nt Glutamic acid 
Amount of protein used Genk ; Prenat i 
| Original | iate Found} "i =. — rae 
mg. mg. | mg. mg. mg. | mg. me. per cent 

100 Gelatin ............... 0 | 10.52 | 9.53 | 10.3 
90 oe” enacted wevehedd 10 10.45 | 8.76 | 19.3 9.3 10.0 100 
7 a se sbiieae bale sis om 30 10.21 | 7.00 | 36.6 7.2 29.4 98 
50 F.  ccpe hia won | 80 | 10.07 5.47 | 52.4 5.1 47.3 95 
30 Y  ptaplhiyateatiiete 70 ~=6|| 9.62 | 3.45 | 70.4 3.1 67.3 96 
i ae | | 0 | 9.10] 7.85 | 19.7 
chy ETT ce | 50 9.20 | 4.10 | 58.2 | 9.8 48.4 97 

















* The glutamic acid was added prior to hydrolysis. 

t Average of duplicate hydrolysates. 

t Corrected for cystine on the assumption that the gelatin contained 0.17 per 
cent, the casein 0.42 per cent (16). These values are so low that variations would 
fall within the limits of error of the amino nitrogen determinations. 


The isotope dilution method described by Rittenberg and Foster (7) 
has the possibility of being very accurate for determining the amino acid 
contents of proteins. These authors reported 13.0 per cent glutamic acid 
in fibrin preparation. Through the kindness of Dr. Rittenberg, a sample 
of this same preparation was made available to us. With correction of the 
moisture content to that in the sample as used by them, the present method 
gave 15.2 per cent glutamic acid. This is slightly over the maximal error 
expected. The origin of the discrepancy is not apparent at present. 

The glutamic acid value for tobacco mosaic virus (17.0 per cent) is con- 
siderably above that isolated by Ross (5.3 per cent) but of the order of 
magnitude suggested by his data for amide nitrogen (18). The remote 
possibility that the products of hydrolysis of the nucleic acid component 
might interfere has not been investigated. 











Taste VI 
Glutamic Acid Content of Proteins and Polypeptides* 

















ry | Total | No. of Gutamic acid content 
Protein Onan cystine | ee 
ing 18 hrs. — — Found Previous determinations 
at 105°) . 
per cent per cent per cent per cent 
Egg albumin§........ | 1.8 2 17.0 (16.1 (5), 13.3 (17) 
Egg albumin........... 15.0 1.8 2 16.9 
B-Lactoglobulin§. ... 3.4 2 | 21.5 |21.5 (6) 
ae ela A 18.4 1.4 3 | 18.3 (20.7 () 
Insulin..... 15.55 | 12.5 7 19.6 |30 (20), 21 (21) 
Tobacco mosaic virus 15.7 | 0.7 2 17.0 | 5.3 (18) 
eh 16.0 1.5 3 16.0 13.7 (5) 
Gliadin..... 17.1 2.8 2 45.7 |46.9(5), 45.3 (22), 43 (17) 
i ee ‘ 15.5 | 0.9 4 23.5 (31.3 (23) 
ee 15.7 eS 2 | 35.9 |25.7 (24) 
Cottonseed globulin. 14.8 0.7 2 | 19.6 /|17.2 (24) 
Soy bean glycinin...... 16.0 0.8 2 21.0 (18.5 (17) 
eke <8 sn Wo 6. 17.5 1.3 2 24.2 (19.5 (17) 
Peanut globulin...... 17.0 1.3 2 24.3 | 
a ES 5 istic 14.0 0.4 10 22.0 (22.0 (5), 21.8 (8) 
Ee woe deh BS 0.2; 3 11.7 | 5.80 (25) 
Wool keratin............| 16.4 | 11.8 2 | 16.0 (15.3 (26) 
Feather keratin....... 16.1 7.6 2 | 12.3 | 9.7 (26) 
Gramicidin.............. | 0 3 0 | 0 (10) 
Tyrécidine hydrochlo- | 
Di imegh ts scan cape | 13.8 | O | 2 | 12.8) 


| 





* I am indebted to the following who furnished samples of proteins: D. Breese 
Jones for the samples of dried egg albumin, arachin, and soy bean glycinin used by 
Jones and Moeller (17) for analyses of glutamic acid by isolation; D. M. Greenberg 
for edestin; W. M. Stanley for tobacco mosaic virus prepared by differential cen- 
trifugation (18); D. Rittenberg for fibrin; E. F. Jansen for gramicidin, tyrocidine, 
and a solution of crystalline 8-lactoglobulin; H. P. Lundgren for a solution of crystal- 
line egg albumin; Eli Lilly and Company for crystalline zinc insulin; and the South- 
ern Regional Research Laboratory for cottonseed and peanut globulins. 

t The cystine plus cysteine contents of the samples of gliadin, glutenin, chicken 
feather and wool keratins, and peanut and cottonseed globulins were determined by 
a modification of the Vassel method (13). The other values were taken from the 
literature, helpfully summarized in most instances by Cohn and Edsall (16). 

t At least two closely checking pairs of analyses were run on each hydrolysate. 

§ Measured volumes of these solutions were pipetted into test-tubes and dried in 
an oven at 95°. From nitrogen analyses, the amount of protein was determined by 
using 15.76 and 15.58 as the known nitrogen contents of egg albumin and §-lacto- 
globulin, respectively (5). Inasmuch as in these determinations we did not use the 
8 to 16 hour digestion period recently recommended by Chibnall, Rees, and Williams 
(19), as necessary to obtain maximal results for proteins, the glutamic acid contents 
may be too high by as much as 3 per cent. 

|| According to Hotchkiss (10), the molecular weight of tyrocidine hydrochloride 
is probably some multiple of 1267. If each fragment of this size contained one glu- 
tamic acid residue, 11.6 per cent would be present. 
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The glutamic acid content of insulin (19.6 per cent) was so low compared 
to the 30 per cent content recently ascribed to it (20, 27) that additional 
investigation appeared necessary. Reasonable checks were obtained in 
duplicate analyses of seven separate hydrolysates. In order to determine 
whether the high cystine content might have interfered, the loss of amino 
nitrogen from a mixture of amino acids similar in composition to that of 
insulin was determined (see Tables II and III, amino acid Mix 2) with and 
without the correct proportions of added glutamic acid and cystine. In 
this case cystine appeared to lose approximately 50 per cent of the theoret- 
ical amino nitrogen content, instead of the 65 per cent used in other cal- 
culations. If the former value is assumed correct for the insulin hydroly- 
sate, the glutamic acid content would become 21 instead of 19 per cent. 
Hence it appears likely that insulin contains close to the 21 per cent glu- 
tamic acid recorded by Jensen and Wintersteiner (21). Harington and 
Mead’s (20) estimate (30 per cent) was based on a determination of amide 
and free carboxyl groups; recalculation of their data gives 27 per cent, 
but this obviously is only an indirect approach. 

The 36 per cent glutamic acid content reported for glutenin is consid- 
erably higher than that found by Jones and Moeller (17). However, our 
preparation was made by different methods which will be reported else- 
where. Only small amounts of gramicidin and tyrocidine were available. 
The tyrocidine hydrochloride contained 13.8 per cent nitrogen and 4.1 per 
cent chlorine compared to the 14.3 per cent nitrogen and 2.8 per cent 
chlorine reported by Hotchkiss (10); hence the determination can have only 
limited significance. 

The sample of casein used had an abnormally low nitrogen content; a 
recalculation on the basis of 15.7 per cent nitrogen gave approximately 25 
instead of 22 per cent glutamic acid. The results for gelatin and zein 
differed considerably from those reported by Dakin (25, 23). 


SUMMARY 


A method for the quantitative determination of glutamic acid in proteins 
is based upon a measurement of the loss in amino nitrogen occasioned by 
the transformation of glutamic acid to pyrrolidonecarboxylic acid at 125° 
and pH 3.3. The glutamic acid is approximately 92 per cent converted in 
4hours. Of a number of amino acids investigated, only cystine interferes. 
The magnitude of the correction necessary for cystine was determined. 
No evidence for anhydride formation in protein hydrolysates during auto- 
claving was obtained. The method is applicable to the determination of 
glutamic acid in samples ranging from 25 to 100 mg. of protein when the 
Van Slyke manometric apparatus is used. The glutamic acid content of 
a number of proteins was determined; most results agreed with previous 





82 DETERMINATION OF GLUTAMIC ACID 
reports. Insulin contained approximately 20 per cent of glutamic acid, 
gelatin 12 per cent, glutenin 36 per cent, chicken feathers 12 per cent, ST 


cottonseed globulin 20 per cent, and tobacco mosaic virus 17 per cent. 


Grateful acknowledgment is due to C. D. Anselm for the amino nitrogen 





determinations, to D. K. Mecham for the cystine analyses, and to H, Br 
Fraenkel-Conrat and M. J. Blish for helpful suggestions. (Fr 
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STUDIES ON RATES OF EXCHANGE OF SUBSTANCES BETWEEN 
THE BLOOD AND EXTRAVASCULAR FLUID 


II, THE EXCHANGE OF SODIUM IN THE GUINEA PIG 
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The rate of exchange of the water of the guinea pig’s blood with extra- 
vascular water has been determined, with deuterium oxide as the tracer 
substance (1). The present series of experiments has as its objective an 
evaluation of the rate of exchange of the sodium of the guinea pig’s blood 
plasma with extravascular sodium; radioactive sodium (Na*™) has been 
used as the tracer material. Variations in the concentration of intrave- 
nously injected Na* in the plasma have been followed with respect to time, 
and the rate of change used to evaluate the rate of passage of Na from the 
plasma to the extravascular fluid on the assumption that there is no 
separation of isotopes. 

Ten adult guinea pigs were used for the experiments. Samples of blood 
were obtained from a cannula placed in the proximal end of a carotid ar- 
tery. A part of the experimental data has previously been published and 
analyzed from a different point of view (2). 

The method of measuring radioactivity (2) and the mixing time of a 
substance introduced by intravenous injections into the guinea pig have 
also been given (1). The latter evidence indicates that a foreign substance 
introduced intravenously in the guinea pig is at least 95 per cent mixed 
with the plasma at the end of 1 minute, and completely mixed in 3 minutes 
after injection. To allow for mixing, the several measurements in our 
series taken prior to 1.5 minutes after injection were excluded from the 
determination of rate of transfer of Na* from the plasma to extravascular 
fluid. 

The measurements for the different animals are given in Table I. In 
order to place them on a common basis, all the experiments were adjusted 
to the same initial concentration in the plasma. Observations with the 
dye T-1824 gave an average plasma volume in the guinea pig of 4.3 cc. 
per 100 gm. of body weight (1). This value, the weight of the animal, and 
the known amount of Na*™ injected permit the calculation of the initial 
concentration of Na™ in the plasma for each experiment on the assumption 


* Paper No. 222. 
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of uniform distribution. The initial concentrations varied from 126 to 
5341 8-rays per second per cc. of plasma. These were all adjusted to an 
initial concentration of 1000 6-rays per second per cc. 





























Taste I 
Change of Concentration of Na™ in Plasma, with Time 
* ; t Concentration Na™ 
Experiment No.|NsMCI injected] Weight of | Time after [Concentration of | in plaame adjusted 
| tration of 1000 
B-rays per sec. | gm. min. oe ge per B-rays per cc. per sec. 
1 22,900 | 700 4.0 | 208 273 
7.0 177 233 
12.5 | 134 176 
29.3 131 172 
2 25, 800 700 3.0 197 230 
5.8 174 203 
11.3 153 179 
} 26.5 147 172 
3 14,100 590 4.5 130 234 
! 9.3 100 180 
21.3 99 178 
66.5 90 162 
4 5,240 420 4.0 | 74 255 
21.0 64 221 
50.0 60 207 
5 34,700 750 3.3 245 228 
10.0 192 178 
18.0 191 178 
31.0 179 166 
6 32,350 695 2.8 288 266 
7.0 246 227 
15.5 218 201 
25.5 207 191 
38.0 188 174 
62.0 213 197 
7 12,600 530 1,2 739 1336 
7.5 124 224 
8 3,130 580 1.3 86 683 
6.0 34 270 
33.0 22 175 
9 15,150 600 2.3 164 279 
4.0 135 230 
12.9 92 157 
10 186 , 500 812 13 | 290 | 412 
21 = | 1616 | 303 
3.2 1517 284 
+ 1 1409 | 264 
78.6 | 933 | 175 
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The change of concentration of Na* in the plasma with respect to time 
is shown in Fig. 1. To derive the rate of movement of Na from plasma to 
extravascular fluid by these data, assumptions are made which are strictly 
analogous to those used in deriving the rate of exchange of water (1). It 
is assumed that the amount of Na™ lost from the plasma per unit of time is 
proportionate to (1) the number of mg. of Na which move from plasma to 
extravascular fluid per unit of time and (2) the proportion of the sodium 
in the plasma which is radioactive. Part of the Na* which escapes into 
the extravascular fluid will return to the plasma, and the amount which 
returns per unit of time is proportionate to (1) the amount of Na which 
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Fic. 1. Change in concentration of Na* in the plasma with respect to time 


moves from extravascular fluid to plasma per unit of time and (2) the 
proportion of the extravascular sodium which is radioactive. From these 
assumptions, the change in amount of Na*™ in the plasma per unit of time 
is given by 


dN N Ne- N 
1 Ne, np tt oe 
~ dt -—* ° . 


where r = mg. of Na which escape from the blood vessels (or into the blood 
vessels from the extravascular fluid) per unit of time, No = the number of 
units of Na™ in the plasma at time of injection, N, = the number of units 
of Na™ in the plasma at any subsequent time t, Na, = total mg. of Na in 
the plasma, and Nag = total mg. of Na in the extravascular fluid. 
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To express Equation | in terms of concentration of Na™ in the plasma, 
Cp, it is necessary to divide through by the volume of plasma, which gives 
dep eo— Cy 


Cp c 
2 elke: - > — 
(2) dt 7 Nap mF Na, 


Integrating Equation 2 and solving for the constant of integration give 
(3) qin (cp — Ce) — In (co — cg] = —Rt 


where R = r/Na, = the proportion of the plasma Na which escapes from 
the plasma into the extravascular fluid per unit of time, g = Nag/(Na, 
+ Na,) = the proportion of the total sodium which is extravascular, and 
Ceq = the concentration of Na™ in the plasma at equilibrium. 

Equation 3 states that the concentration of Na*™ inthe plasma approaches 
equilibrium in such a way that the logarithm of the concentration in excess 
of the equilibrium concentration is a linear function with time. In ex- 
ponential form Equation 3 may be expressed as 


rk 
(4) Cp — Coq = (Co — Cade *' 


which states that the excess concentration is reduced by a constant pro- 
portion per unit of time. 

In Equations 3 and 4, as applied to the data of Fig. 1, co is 1000 8-rays 
per second per cc., since the concentrations for all experiments were ad- 
justed to this basis. Both c,, and g may be derived directly from the 
adjusted observations after equilibrium is reached. These constants are 
derived as follows: 

Ceq is obtained by averaging all of the observations at 9.3 minutes and 
later. These values showed no downward trend over this period of ap- 
proximately 70 minutes and averaged to be 181 8-rays per second per ce. 
From the individual values for c,, obtained from the unadjusted observa- 
tions together with the known amount of radioactivity injected and the 
body weight, the volume available for dilution of sodium can be calculated 
(extracellular fluid volume). On the average, this is equal to 25.7 ce. 
per 100 gm. of body weight, with an individual variation indicated by a 
o of 4.0. 

Since 


c. — 
= ¢ —_—_—_— 
™ ' Na, + Na, 


Nap + Na, _ 
Na, + Nap Na, oe Na» 


and 





=1 


then Cog = G (1 — q). 
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Substituting the arithmetic values of c., and ¢o, we have 
181 = 1000 (1 — g) and g = 0.819 


The evaluation of these constants now makes it possible to treat the 
data of Fig. 1 as was done with heavy water (1). If the logarithmic fune- 
tion of (cp — Cg) given by the left-hand side of Equation 3 is plotted against 
t, the points fall about a straight line, the slope of which is equal to —R, 
and R may therefore be determined graphically. For greater accuracy, 
Equation 4 was fitted by the method of least squares! to the observations 
of Fig. 1 from 2.1 to 7.5 minutes inclusive. Earlier values were excluded 
because of incomplete mixing and the values at 9.3 minutes and beyond 
had already been used to determine the equilibrium value. The equation 
thus derived is plotted against the observations in Fig. 1. 

This equation gives a reasonably good description of the observations. 
It is worth noting, however, that there seems to be some tendency for the 
observations from 4 to 8 minutes to remain at a temporary level before 
dropping to the equilibrium value. If further observations should show 
that this tendency is a real factor, a more elaborate equation would be 
required to describe this phase of the time change. This would involve a 
changing rate of decline toward equilibrium instead of a constant rate, 
but over the major portion of the reaction, the value of the rate could not 
differ markedly from that obtained through Equation 4. 

The value of R obtained from the fitted equation with ¢ expressed in 
minutes is 0.60. This states that 60 per cent of the sodium of the plasma 
leaves the plasma each minute to be replaced by sodium from the extra- 
vascular source. In terms of diffusible sodium of the plasma, if we sup- 
pose that 10 per cent of plasma sodium is bound to protein (3), this means 
that 67 per cent of the diffusible sodium of the plasma is exchanged each 
minute. 

The proportion of the sodium of the interstitial fluid which enters the 
plasma per minute is given by r/Nag. This is algebraically equivalent to 
the expression R (1 — q)/q, and can be computed from the arithmetic 
values of Rand gq. This is equal to 0.132; that is, 13 per cent of the total 
sodium of the extravascular fluid is exchanged with the plasma sodium per 
minute. 

Another constant of interest is the one which describes the rate at which 
the tracer substance approaches equilibrium. , This is the exponential 
rate, which in the present series of experiments is equal to 0.73. This 
means that at any instant the rate of loss of the excess concentration above 
equilibrium is 73 per cent per minute. 

The results of the experiments on water transfer previously reported 


1 ¢, deviations weighted by the factor (co — cp)/(co — Ceg) were used. 
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(1) may be formulated into the same series of constants just given for 
sodium so as to give a comparison of the rate of movement of sodium and 
water across the vascular membrane. This comparison is presented in 
Table II. 

The derivation of the rate constants for water follows from those pre- 
sented in the previous paper, together with certain observations on water 
distribution. We have shown that an exponential rate for the tracer 
substance of 0.82 means, in the case of water, that 73 per cent of the water 
of the blood is exchanged with extravascular water per minute. On the 
assumptions (a) that 50 per cent of the water of the blood is in the plasma, 
and (b) that the water of the red blood cells does not exchange directly 
with extravascular water, then 146 per cent of plasma water is exchanged 
per minute. To express the proportion of interstitial water which is 
exchanged per minute, we can multiply 146 per cent by the ratio of plasma 


Taste II 


Constants Describing Rates of Exchange of Sodium and of Water between Vascular and 
Extravascular Systems 








Constants | Sodium Water 

1. Proportion of amount in plasma transferred to | 0.60 1.46 
extravascular fluid per min. 

2. Proportion of amount in interstitial fluid trans- | 0.13 0.29 
ferred to plasma per min. 

3. Loss in plasma concentration of tracer substance 0.73 0.82 
per min. relative to excess concentration | 
(exponential rate) | 








water to interstitial water computed from the estimates of plasma volume 
(4.3 ec. per 100 gm. of body weight) and extracellular fluid volume (25.7 
cc. per 100 gm. of body weight), since r/w, (w,/wz) = r/we, where w, and 
Wg are respectively the volumes of water in the plasma and interstitial 
fluid. 

A comparison of these constants for water and sodium indicates that, 
relative to the amounts of the two substances present, the exchange of the 
water across the vascular wall is about twice as great as that of sodium. 
That is, the ratio of water molecules to sodium ions crossing the membrane 
per minute is about twice what would be anticipated from their relative 
concentrations in the fluid bathing the membrane. 

One might expect that this appreciably greater rate of water exchange 
relative to that of sodium would result in a more marked difference in rate 
of equilibration of the two tracer substances than was actually found 
(Constant 3). The reason that this does not follow is that the systems 
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involving the two substances differ. Water is contained not only in the 
fluid surrounding the vascular membrane but in the various cells of the 
body, whereas sodium is essentially extracellular. 

With the difference in these systems for water and sodium what it is, 
similar rates of equilibration of the tracer substances imply a much faster 
transcapillary exchange for water than for sodium. Conversely, only in 
the event that the transfer of water was much faster than that of sodium 
would similar rates of equilibration of the tracer substances be observed. 


SUMMARY 


With radioactive sodium as the tracer material, the rate of exchange of 
sodium across the vascular membrane of the guinea pig has been 
determined. 

It has been found that 60 per cent of the plasma sodium and 13 per cent 
of the sodium in the extravascular fluid are transferred in either direction 
across the vascular membrane per minute. 

A comparison of the rate of movement of sodium and water across the 
membrane has been made. The amount of water relative to that of so- 
dium crossing the vascular wall per minute is about twice what would be 
expected from their relative concentrations in the plasma. 

The rate of equilibration of the tracer substances in the two cases is 
nevertheless very similar. The fact that water is both intra- and extra- 
cellular, while sodium is essentially extracellular, affects the relative rates 
of equilibration, and the difference in the systems for the two substances 
under consideration means that similar rates of equilibration imply quite 
different rates of transfer across the vascular membrane. 
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THE IONIC STRENGTH VALENCE OF FERROHEMOGLOBIN 
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Studies on the protein nature of hemoglobins, while less numerous than 
those devoted to the more spectacular reactions of their iron porphyrin 
prosthetic groups, have nevertheless been exceedingly fruitful as a con- 
sequence of the early availability of these proteins in a purified form. 
With solutions of the crystalline material, Hastings (1), Cohn (2), Ferry (3), 
and Stadie (4) and their coworkers have investigated the effect upon the 
electrolyte behavior of hemoglobins of their ionic environment. These 
studies assume practical importance with the exploitation of human hemo- 
globin as a by-product of blood banking. Attempts are being continued 
to introduce human hemoglobin as an osmotically active colloid in the 
therapeusis of shock and hemorrhage. Human ferrihemoglobin solutions 
offer some promise as an antidote for small ionic volume, hydroacid anion 
poisons which combine with its prosthetic nucleus (5) as well as with those 
heavy metals of the “b” family of Groups I and II of the periodic system 
of elements (6). We may anticipate a broadening of the application of 
solutions of the hemoglobin derivatives in intravenous therapy; so that a 
further knowledge of the behavior of such solutions in physiologic and 
pathologic ionic environments is of considerable practical utility. 

Since the postulation by Loeb (7) of the stoichiochemical nature of the 
reactions between proteins and either acids or bases, it has been customary 
to regard the proteins as ampholytes which differ only quantitatively, with 
respect to their multivalency, from the simpler amino acids. In the case of 
hemoglobin this multivalency is enormous; for instance, oxyhemoglobin will 
accept over 30 equivalents of base without evidence of saturation as deter- 
mined by conductivity titration (Table I) (more suitable in this case for 
the demonstration of a sudden increase in hydroxyl ion concentration on 
stoichiochemical neutralization because of the high transport number of 
hydroxyl. Such an increase, were it to occur, would be masked by the 
logarithmically decrement potentiometric effect were pH titrations relied 
upon to demonstrate it). That ferrohemoglobin is not saturated with 
respect to its apparent base receptors at 20 iron equivalents of base may be 
seen from its electrometric titration curve (Fig. 1). 

*On military furlough, United States Signal Service at large; present address, 
Medical Detachment, 1550 S. U., Fort Knox, Kentucky. 
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The high ratio of base bound by ferrohemoglobin to its iron equivalency 
may be explained either by a stoichiochemical combination or as adsorption. 
If the former is the case, we are forced to assume a degree of multivalency 
that carries with it certain implications aside from the strictly stoichio- 
chemical reaction of neutralization. The multivalency of ferrohemoglobin 
must be reflected in the ionic strength of its solutions. 


TaB.Le I 
Effect of Alkali on Conductivity of Solutions of Dog Oxryhemoglobin 


40 cc. of 0.352 mm oxyhemoglobin with varying quantities of added NaOH. No 
end-point is observed even after the addition of over 30 equivalents of alkali. 





BHb 











[Hb] | [Na] | Hb | Conductivity 
mM | mM | mhos X 107% 
0.014 | 0.040 | 2.8 1.61 
| 0.080 | 5.7 2.16 
0.147 10.4 3.50 
0.240 | 17.1 5.76 
| 0.310 | 22.0 | 7.80 
0.390 | 97.7 | 10.07 
| 0.440 31.2 | 11.50* 
0.028 | 80 2.8 | 2.76 
| 97 3.4 2.97 
117 4.2 | 3.29 
| 148 | 5.2 | 3.77 
| 179 | 6.3 | 4.29 
| 210 | 7.4 | 4.85 
| 246 | 8.7 | 5.44 
| 277 9.8 6.02 
| 303 10.1 6.37 
| 365 | 12.9 7.80 
| 435 15.4 9.52 
| 480 17.0 10.01 
528 18.6 11.10 
| 607 21.4 12.83 
670 23.6 13.80 
| 759 26.8 16.06 
| 923 32.6 | 19.89 








* This value had fallen to 9.96 after standing 20 hours. 


Since it has been impossible to demonstrate a definite stoichiochemical 
valence for a protein by titration, one may attempt to measure its contribu- 
tion to the ionic strength of its solution and thus arrive at an ionic strength 
valence. It is this attribute of the ferrohemoglobinate ion which is the 
subject of the present investigation. For the purposes of the latter, the 
reductant ionic activity of ferrohemoglobin is ignored and we are restricting 
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the term “ferrohemoglobinate ion” to that of its protein ampholytic 
behavior. 


H Electrometric titrations of 
base-free ferrohemegibin (dog ) 





22 
21 
20 
19} 
io] * Hastings etal (1) 
16 
153 
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13 
124 


oO In the presence of 
1M N&Cl ‘ 
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Fic. 1. Electrometric titration of base-free ferrohemoglobin. Except for the 
points taken from the data of Hastings, Van Slyke, Neill, Heidelberger, and Haring- 
ton (1) which were secured by those investigators by the CO; titration method, all 
points on this figure were from electrometric pH determinations made in the same 
electrode vessel as that used for the comparative titration curves. The hemoglobin 
solution differed from that used for the latter study in having been dialyzed free 
from chloride ion, so that the solutions were at the isoelectric point before the 
addition of alkali. These solutions were of the order of 0.1 m, so that no water cor- 
rection factor was applied in the calculation of the ratio of base bound by ferrohemo- 
globin to the pigment, for, even assuming an enormous degree of hydration of the 
hemoglobin molecule, the ratio of the molal to molar concentration would still be 
practically unity in such dilute solutions. 


When it is considered that the effect of ionic strength is,in geometrically 
progressive proportion to the number of electronic valences, it follows that 
such effects in protein solutions could, conceivably, be massive. Stadie 
(8), taking into account the approximate diameter of the hemoglobin 
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molecule and assuming a uniform distribution of valence charges over its 
surface, concluded that the hemoglobinate ion would exhibit an ionie 
strength valence of unity. Such a value was actually secured by a measure- 
ment of the effect of the various hemoglobin derivatives on the first dissocia- 
tion constant of carbonic acid. 

Hastings, Van Slyke, Neill, Heidelberger, and Harington (1) found that 
the base bound by horse ferrohemoglobin was related to the salt concentra- 
tion of the solution at a pH above that corresponding to its isoelectric point, 
According to the method of calculation employed in the present study, it 
would appear from their data that horse ferrohemoglobin combined with 
2 iron equivalents of base exhibits an ionic strength valence of 2. Barnard 
(9) noticed that a solution of dog ferrihemoglobin produced a depression of 











~o- 
3 
z2 

o- 
x 
2 
o a 
re) 
oe 

65 75 pH 85 8.5 


Fig, 2. Titration of carbon monoxide hemoglobin. O,u = 1047; @, « = 0.0646; 
A, wu = 0.0451; X, w = 0.0303. 


26 millivolts in the Z) value of the oxidation-reduction potential of the 
ferricyanide-ferrocyanide system. One explanation could have been the 
high ionic strength of the protein component of the solution, and in that 
particular study the explanation was attributed to this. 

In 1928 some preliminary comparative titrations were undertaken of 
solutions of carbon monoxide hemoglobin (dog) with sodium hydroxide at 
varying salt concentrations. Because the concentration of pigment in the 
solution inadvertently remained undetermined, its contribution to the ioni¢ 
strength of the solution could not be calculated but it was obvious from the 
spread of these curves that the ionic strength valence of this hemoglobin 
derivative was not uniform over the titration range and must, in the 
vicinity of maximum spread, be greater than unity (Fig. 2). 
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In the present investigation, the effect of the ionic strength of its solutions 
on the “Jumped” acid dissociation constants of dog ferrohemoglobin has 
been studied. To this end there have been secured electrometric titration 
curves of the pigment from pH 6.2 to 10.7, beyond which limits the pigment 
is denaturated. 


EXPERIMENTAL 


Ferrohemoglobin solutions were prepared by suction evacuation of 
suspensions of crystalline base-free carbon monoxide hemoglobin (dog), as 
previously described (9). The crystals used had been subjected to but.one 
washing; by this expedient the chloride ion associated with the pigment 
was not removed, thereby making it possible to observe a small portion of 
the acid-combining region without recourse to acid titrations. The ferro- 
hemoglobin solutions were transferred to an electrometric titration vessel 
(Hastings (10)) under hydrogen and increments of standardized alkali 
solution (either NaOH or Ca(OH). which had been evacuated and saturated 
with hydrogen) were added from a micro burette. The pH was measured 
potentiometrically with a platinized, point platinum electrode, the chain 
being 

H, | Hb | KCl 0.05m | KCI saturated | HgsCh | Hg 


The titrations were continued to the point where the solution had under- 
gone visible conversion to globin ferrohemochromogen; this usually took 
place in the vicinity of pH 11. Immediately after each titration, the pH of 
0.1 a HCl was determined with the same electrode that had been used for 
the titration. When the value obtained differed by more than 0.02 pH 
from the value for this normality of acid (pH 1.081), the data were dis- 
carded. All titrations were conducted at 22° + 2°. Since the data are 
purely comparative, no corrections were applied for temperature, baro- 
metric pressure, water vapor content of the hydrogen, or for the E» of the 
particular calomel half-cell used. Contact and diffusion potentials were 
ignored (as being of insignificant magnitude) for reasons that will appear 
later. In spite of the somewhat diminished sensitivity of the chain (because 
the concentration of KCl in the agar-salt bridge had been cut down to 0.05 
M to minimize alteration in the ionic strength of the solution in the titration 
vessel through marked diffusion of KCl into it) it was possible to run each 
titration rapidly, both internal and electrode equilibrium being attained 
Within a few seconds after addition of an increment of alkali. In a few in- 
stances the contents of the titration vessel were removed for spectroscopic 
examination. In this way it was found that the almost indicator-like point 
of change from ferrohemoglobin to globin ferrohemochromogen takes place 
at a slightly lower pH in solutions containing sodium chloride than it does 
in salt-free solutions. 
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Calculations 


The pH of the titrated solutions was calculated from the observed .m.r, 
by the equation 
E.M.F. — 0.2458 


0.0591 (a) 





pH = 
The theoretical ionic strength of the solutions employed was calculated 
from the formula of Lewis and Randall (11) adapted to these solutions: 


[Na] + [Cl] + [OH] + [Hb]z* 
= — 3 (d) 





If [OH) is disearded as infinitesimally small and the valence of ferrohemo- 
globin is approximated by the number of iron equivalents of base bound by 
it, the completed equation becomes 


Hb 


y 
a= r (c) 


[Na] + [Cl] + [Hb] Gas 





The initial assumption for this approximation of the contribution of the 
ferrohemoglobinate ion to the ionic strength of its solutions is defensible only 
as an expedient. Stadie (8) deliberated this point in his paper and finally 
decided to treat the hemoglobin derivatives as though they were univalent 
electrolytes. It may be remarked that the results on the ionic strength 
valences finally calculated are found to be essentially the same whether 
the present method (7.e., in which the ionic strength contribution of the 
ferrohemoglobinate ion is taken as that of its apparent stoichiochemical 
valence) is employed or that of Stadie, in limiting this to unity, or, for that 
matter, one in which any possible contribution of the pigment toward the 
ionic strength valence of its solution is ignored in its entirety throughout 
the titration range (as occurs automatically in the present method of caleu- 
lation in which this is made for the vicinity of the isoelectric point of ferro- 
hemoglobin). We are faced by three methods in this matter; the last is 
the simplest expedient but obviously not a defensible one because the pig- 
ment does contribute to the ionic strength. From the data of Hastings 
et al. (1) obtained by the very accurate CO, titration method, it is seen that 
this contribution may be greater than unity. The present method was 
adopted therefore as being, theoretically at least, the correct one. The 
fact that there is little difference in the end-result as to what is accepted 
as the valence of ferrohemoglobin for this purpose finds its corollary in the 
inconsequentiality of whether, for the same purpose, the molecular weight 
of ferrohemoglobin is taken as equal to iron equivalency or as 4 times this 
amount. Stadie used the former figure and we have also because relatively 
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dilute solutions of hemoglobin may actually be dissociated into submole- 
cules (12). 

That the resultant ionic strength of the ferrohemoglobin solutions may 
not be unduly high is evidenced by a consideration of Curve B, Fig. 3. 
The slope represents an adaptation of the limiting equation later developed, 
ApH = 2.9 A-v/u, 8 in this case having a value of 2.9. While this value 
corresponds to an ionic strength valence of 2.4, it is noticed that the actual 
slope, as indicated by the last three experimentally determined points on 
it, shows a tendency to level off and this occurs at the very vicinity of ionic 
strength which corresponds to that designated for such a departure by the 
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Fic. 3. Titration of ferrohemoglobin solutions of constant base ratios with sodium 
chloride. Curve A exhibits a 8 slope of 0.25, while that of Curve B has a value of 2.9. 
The approximate linearity of the experimental points indicates that the area of the 
eurve plotted from the data of Table II would be the segment of a flat plane. The 
variation of pH induced by the addition of NaCl cannot be entirely due to changes in 
liquid junction potential and the variation of 8 which has a slope over 10 times as 
great in Curve B as that of Curve A cannot be due to change in the dielectric constant 
of the medium. 


expanded Debye-Hiickel equation (13). The regular method applied, 
however, to the determination of the ionic strength valence is by calculation 
from the more simple limiting law derived by Debye and Hiickel by adapta- 
tion of the classical three-halves power law of Poisson’s to the electrolytic 
behavior of solutions. This limiting expression, 


—logw f = save (d) 
where a = N? e 2/(10 RD T»)' , all of whose terms are universal constants, 


has been simplified by Bronsted and La Mer (14) who express the left-hand 
member in positive notation and combine @ and z into a single series of 
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constants, 8, whose value is a geometric function of the valence type, while 
u, as in the limiting equation, is the ionic strength as defined by Lewis and 
Randall (11). 

It is necessary for an experimental evaluation of the ionic strength effect 
to measure the change in the activity of a constituent of the solution. Such 
a change would be geometrically proportional to the ionic strength valence 
and theoretically the method would be more accurate for a designation of 
the higher valence types. 

As the index to the change in ionic strength, Stadie and Hawes (4) used 
for the criterion the activity of bicarbonate ion. This method is com- 
plicated by the unknown extent to which the carbamino reaction concurs, 
It has been deemed advisable to use, instead, the apparent activity of the 
ferrohemoglobinate ion itself. 

Because ferrohemoglobin has at least twenty acidic groups each with 
its individual dissociation constant and because of the hopelessness of any 
attempt to make an isolated measurement of any one of these, we may 
assume that, as in the cases of all other polyvalent anions, the individual 
dissociation ranges are not coextensive. In the case of ferrohemoglobin 
we may likewise assume, as did Stadie and Martin (15), that these in- 
dividual dissociation constants can be treated as though they were spaced 
at more or less equal intervals throughout the pH scale. This assumption 
finds some support in the absence of gross inflections from the titration 
curve of ferrohemoglobin. 

If, then, we titrate a solution of ferrohemoglobin with alkali, we may 
consider that at any particular portion of the curve we are in the vicinity 
of the half neutralization point of some particular acidic group and by, 
application of the Henderson-Hasselbalch equation to this group, 


" [HA,] 
pH = pK, — log [BA] (e) 


In the defined vicinity where 





[HA,] 
[HA,] ~[BA,], log ipa ”° (f, 9) 
pH = pK, and ApH = ApK, (h, 4) 


Since the limiting law (d) is a linear equation, 


pK, = 8\/n_ and @ is a constant (j) 
ApK, = 8A+/u and if we substitute from (7) 


= ApH (k) 


8B 
AVu 
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At 22°, 8 is almost exactly 0.5. The ionic strength valence may therefore 
be calculated 

Vi = V'28 (1) 

The foregoing is based on the classical dissociation theory of ampholytes 

and ignores the fact that ferrohemoglobin, like other proteins, is a massive 


Taste II 
Effect of Ionic Strength on Acidity of Dog Ferrohemoglobin 


Titration of 10 co. of 1.44 mm dog ferrohemoglobin with 31.4 ma NaOH in the 
presence of NaCl and NaBr. pH 0.1 m. HCl 1.079. Concentrations in mm per 


liter. 

















Hb CO Na Halide ai * | pH (chloride) | 4, PH. we 
1.44 0.0 2.0 —1.24 | 6.089 0.0464 
1.32 3.0 1.9 0.87 | 7.214 | 0.0500 
1.20 5.0 1.8 3.02 | 8.051 0.0945 
1.12 8.0 1.7 4.80 | 9.140 0.1311 
1.05 10.0 1.5 6.67 | 9.911 0.1710 
0.90 15.0 1.3 11.90 | 10.580 0.2690 
0.80 18.0 1.1 16.10 | 10.861 | 0.3370 
0.75 19.0 | 1.0 18.35 | 10.921 | 0.3690 
1.44 91.0 92.8 —1.24 | 6.210 6.259 0.3029 
1.40 90.0 88.4 0.22 | 6.693 0.2971 
1.31 87.0 | 82.8 1.24 | 7.169 7.201 0. 2930 
1.20 84.0 77.6 3.00 | 7.643 | 0.2940 
1.11 80.0 77.2 5.01 | 8.231 | 0.2998 
1.05 77.0 | 68.8 5.80 | 9.216 | 0.3040 
0.96 76.0 | 66.4 7.47 | 9.752 | 0.3120 
0.94 74.0 | 64.2 8.00 | 10.004 0.3153 
0.92 | 72.0 | 62.0 9.61 | 10.119 | 0.3307 
0.99 | 70.0 57.0 11.90 | 10.289 | 10.321 0.3569 
0.80 | 65.0 51.6 16.10 10.630 0.4020 
0.75 63.0 49.0 18.35 | 10.786 0.4300 
0.72 62.0 46.5 20.24 | 10.962 0.4511 








* Calculated from the added base after subtraction of the amount found neces- 
sary to bring the solution to the isoelectric point (pH 6.810). 


and complex zwitter ion. Far from imposing any difficulties, the concept 
of the zwitter ion complex assists in explaining the irreconcilability of the 
calculated and measured ionic strength valences of ferrohemoglobin, while 
it does not affect our method of calculation of the shift in the lumped 
dissociation constant on which the experimental values are based. 


Results 


Table II represents a titration of ferrohemoglobin in salt-free solution 
and its comparative titration in the presence of sodium halide. The 8 
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values calculated from this experiment are given in Table III. It is ap- 
parent that the ionic strength effects of sodium chloride and sodium bromide 
are practically identical, as would be predicted by the Debye-Hiickel 























TaBLe III 
Effect on Its Ionic Strength of Sodium Bound by Ferrohemoglobin 
BHb 
ee ae we ° 
| —--—— 
—1.24 0.132 0.256 J 0.515 
2.0 0.25 0.22 1.13 
4.0 0.65 0.18 3.61 
6.0 0.45 0.14 3.21 
8.0 | 0.27 0.11 | 2.46 
10.0 | 0.28 0.10 | 2.80 
12.0 0.28 0.085 3.03 
14.0 0.22 0.075 3.41 
a> 
12) 
os 
z 
.2F 
x 
vt 
” 
° 
oO it 
3 
Go 
eit 7.0 pH 75 8.0 


Fic. 4. Microtitration of 10 cc. of 1.9 ma ferrohemoglobin with0.0314 m NaOH. xX, 
salt-free ferrohemoglobin; @, recalculated from Hasting et al. (1); O, ferrohemo- 
globin in0.1m NaCl. This experiment appears to justify the assumption that liquid 
junction potentials in the electrometric chain are not responsible for any large error 
in the determination of pH in ferrohemoglobin solutions nor is a variation of liquid 
junction potentials the cause of the shift in the pH of such solutions at differing salt 
concentrations. It is observed (a) that the isoelectric point of ferrohemoglobin 
coincides with that arrived at by cataphoresis and solubility experiments and (}) 
the effect of similar concentrations of added NaCl on the observed potential is ap- 
proximately equal and opposite in sign at opposing equidistant directions from the 
isoelectric point. 


theory. It is also to be noted that each salt exerts an effect upon both 
the acid- and base-combining powers of ferrohemoglobin everywhere on 
the titration curve (except, of course, at the isoelectric point of the pig- 
ment). This effect is to increase the buffer power of ferrohemoglobin. 
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The relative absence of salt effect near the isoelectric point is brought out 
by a consideration of Fig. 3, in which is represented a comparative 
titration of ferrohemoglobin solutions of constant base content with 


Tasie IV 
Calcium- and Sodium-Combining Powers of Dog Ferrohemoglobin 
Concentrations in mm per liter. 


A. 10 cc. 0.581 mu ferrohemoglobin titrated with 0.04 B. 10 cc. 1.90 ma ferroh lobin titrated with 0.04 
mu NaOH and 0.02 mw Ca(OH)2; pH 0.1 « HCl 1.087 | m NaOH and 0.02 « Ca(OH)s; pH 0.1 « HCI 1.092 
































| | | | 

(Hb) | (Na} | ica) | | mt | ve | BM | Bal | tea ae] Ph | ve 
0.565; | 1.24 1.34) 7.387] 0.0552) 1.90 0.0 |-1.65| 6.212] 0.064 
0.562 1.44 | 1.69} 7.698] 0.0607) 1.89 | 0.30|—1.57| 6.225] 0.068 
0.556| | 1.62} 2.07] 8.051] 0.0668| 1.86 | 0.69|—1.37| 6.289] 0.069 
0.555 /1.80| 2.36] 8.301) 0.0719) 1.84 | 1.22|-1.11] 6.471) 0.071 
0.550 | 2.08 | 2.98} 8.985] 0.0815) 1.81 1.80|—0.77] 6.562| 0.076 
0.548 2.30 | 3.34) 9.316] 0.0886) 1.77 | 2.48|—0.37| 6.732] 0.081 
0.545 | 2.47/ 3.71] 9.569] 0.0935) 1.76 | 3.61|—0.26| 6.915] 0.086 
0.540 2.78 | 4.27) 9.766] 0.1020, 1.69 | 3.79|—0.37| 6.994] 0.095 
0.535 | 3.00 | 4.75 9.952) 0.1080) 1.60 5.19 1.53] 7.339] 0.117 
0.530 3.60 | 5.96) 10.191] 0.1290, 1.53 | 7.10| 2.78) 7.941] 0.148 
0.581, | 0.09] 6.207 1.49 | 8.59] 4.05] 8.035] 0.163 
0.578 | 0.35 | —0.02| 6.682) 0.0274) 1.46 | 9.27| 4.57] 8.283] 0.190 
0.575 | 0.50} 0.00} 6.821] 0.0321| 1.38 10.38) 5.61] 8.479] 0.222 
0.570 | 0.75 | 0.52] 7.069) 0.0398) 1.34 | 11.91} 7.20} 9.229) 0.240 
0.565 | 1.13 | 1.20] 7.363] 0.0518) 1.30 | 12.42} 7.34] 9.530) 0.254 
0.552 | 1.88 2.58) 8.404] 0.0749) 1.27 | 13.40] 8.79] 9.739] 0.280 
0.550 | 2.08} 2.90 8.833] 0.0805) 1.21 15.10} 10.90|10.112| 0.324 
0.505 | 5.25 | 9.49) 10.662] 0.1820) 1.14 16.64| 12.35}10.362| 0.346 
0.581 | | 0.09) 6.193 1.10 | 17.88] 15.10]10.578) 0.406 
0.573 | 0.60 | 0.17} 6.913] 0.0187] 1.75 | 3.82 0.37] 7.089] 0.059 
0.564 | 1.21 1.23] 7.541] 0.0324] 1.61 | 6.28 2.07| 7.618] 0.089 
0.552 | 1.92 2.56 8.753| 0.0529) 1.58 | 6.93 2.47| 7.802} 0.092 
0.550 | 2.11 2.87} 9.071/ 0.0579] 1.49 | 9.29 4.57| 9.032) 0.150 
0.540 | 2.81 4.24) 9.856) 0.0791) 1.40 | 10.37 5.61| 9.491] 0.159 
0.530 | 3.60 5.83| 10.214] 0.1081) 1.38 | 12.35 7.26| 9.848) 0.204 
0.520 | 4.64 6.52| 10.332| 0.1140 1.29 | 14.44 8.79| 9.990] 0.242 
| 1.20 | 14.98 10.80]10.389| 0.290 
1.09 | 17.10 13. 25|10. 541| 0.346 
| 1.02 | 18.42 16. 10/10.670| 0.374 

















varying amounts of sodium chloride. The slope at BHb/Hb = 0.36 
is almost horizontal; at BHb/Hb = 14.7 the slope is almost 3, which 
corresponds to an ionic strength valence of about 2.5. This value agrees 
with that derived from Table III for this particular base ratio and is prob- 
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ably close to the apparent maximum ionic strength valence demonstrable 
by calculation from (J).! 

Fig. 4 represents a titration of ferrohemoglobin in the vicinity of the 
isoelectric point, in the presence and in the absence of added sodium 
chloride. It shows that the salt effect at HbX¥/Hb = BHb/Hb = 1, 
where the ionic strength valence is unity, is in accordance with the value 
arrived at by Stadie (whose data were confined to the acid side of the 
curve), because the ApH values are almost identical, though opposite in sign, 
for the left-hand and middle members of the equation. Since at the point 
of the right-hand equality the ionic strength value is unity, this must be 
true of the left-hand member as well. 

Table IV gives the results of comparative titrations of ferrohemoglobin 
with sodium and calcium hydroxides. Curves plotted from Table IV 
(not reproduced) show a similarity in contour but throughout the titration 


TaBLe V 
Effect on Its Ionic Strength of Calcium Bound by Ferrohemoglobin 

















Experiment A, Table IV Experiment B, Table IV 

— : —— . | - end 

ae ApH avn 3 a |e | ave 8 

Se ea 2 7 7 

1 0.15 0.0180 8.3 0.37 0.095 0.0384 | 2.79 

2 0.34 0.0190 18.2 4.57 0.749 0.040 | 18.21 

3 0.34 0.0180 18.9 5.61 1.012 | 0.063 | 16.09 

4 0.21 0.0191 10.9 7.20 0.611 | 0.036 16.94 

5 0.13 | 0.0210 | 6.2 8.79 | 0.251 | 0.038 | 6.61 

6 0.52 0.0222 23.6 10.90 0.259 | 0.032 8.09 





more calcium than sodium equivalents are bound by ferrohemoglobin. The 
values calculated from these experiments (Table V) are of the order of 
magnitude predictable by the Debye-Hiickel theory, though inordinately 
high for calcium ion. The explanation may reside either in a specific ion 
effect or in a lesser degree of dissociation for calcium than for sodium ferro- 


hemoglobinate. 


DISCUSSION 


For the purposes of the investigation it is necessary to evaluate the 
factors which will affect the veracity of the value 8 as determined, and to 


1 In this connection it is pointed out that even ions of a simple valence type may 
exhibit 8 values slightly lower than would be calculable from equation (/). Thus 
for the pK; of carbonic acid, Hastings and Sendroy (16) obtained the value 6 = 16 
instead of 2. For the pK; of orthophosphoric acid, Sendroy and Hastings (17) 
obtained a 8 value of 4 instead of the theoretical 4.5. 
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outline the difficulties in the interpretation of the results once it has been 
admitted that the slope 6 actually represents a function of the ionic strength 
valence of ferrohemoglobin. In the first category there are those factors 
which affect the accuracy of the determination of pH of protein solutions 
from electrometric data. The assumptions already made in this connection 
by Stadie are considered to be sound both from the reasoning presented by 
that investigator and by evidence uncovered during the course of the 
present investigation. The three factors in this category are (a) insig- 
nificance of liquid junction potentials, indicated in this study by the coin- 
cidence of the isoelectric point of ferrohemoglobin from electrometric data 
at different salt concentrations which corresponds+to the pI as determined 
by methods of CO, titration employed by Hastings et al. (1); (b) the insig- 
nificance of hydration effects is an assumption even more valid in the 
present work than in that of Stadie’s because of the high ratio of solvent 
to solute employed in the former; and (c) absence of irreversible reactions 
in the system B+ + X~- + ~Hb*+ + OH” for which the absence of evidence 
of spectroscopic alteration until the point of ferrohemochromogen formation 
is reached can be considered a reasonable indication. 

From equation (k), assuming that the validity of the numerator of the 
right-hand member is thus established, the veracity of calculated 6 is 
dependent upon A\/y. It is significant in this regard that, while the 
legitimacy of the calculations of the absolute value of u is in some doubt 
(because of the assumptions made in taking the molecular weight of ferro- 
hemoglobin as that of its iron equivalency and its ionic strength contribu- 
tion as a geometric function of its base ratio), the value of Av/u is not 
thereby called to question. The latter is a linear function of a uniform 
slope, and herein lies the explanation of the paradox that it is immaterial 
to the final result what value is assigned to the stoichiochemical valence 
of ferrohemoglobin for the calculation of the ionic strength of its solutions, 
for in the ultimate step, the calculation of Ayu, the square root is taken of 
a square law function and the result is bound to approximate one of the 
first order. Likewise for the numerator of the equality (k), ApH, the ex- 
pedient of its use relegates the question of the absoluteness of pH values 
to the background. Actually it may not connote a change in the activity 
of the acidic groups at all, for according to the zwitter ion concept what has 
been measured is a change in the apparent basic dissociation constants. 
Which actually have been measured is of little consequence in so far as they 
concern the inquiry into the ionic strength valence. 

The interpretation of the variations in 8 must, from the fundamental 
equation and from the experimental conditions imposed, reflect either a 
change in the dielectric properties of the solvent induced by the solutes or 
& variation in the ionic strength valence of ferrohemoglobin. These two 
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possibilities will be discussed before the only alternative explanation is 
brought up: that the Debye-Hiickel theory may not be applied without 
reservation to solutions containing dipolar ions. 

Dielectric Constant of Ferrohemoglobin Solutions—The dearth of data as 
to changes in the electrostatic permeability of solvents induced by simpler 
ions, let alone protein ions, is, as Stadie has pointed out, the largest stum- 
bling block in the unreserved application of the Debye-Hiickel theory to 
such solutions. There is in addition the further consideration, not properly 
appreciated at the time of Stadie’s analysis, that ferrohemoglobin solutions 
are paramagnetic (18, 19). One may debate the propriety of referring to 
a dielectric constant of aparamagnetic medium at all, but there are heuristic 
arguments for the acceptance of the position that the concentration of ions 
extant in the medium in the present and in Stadie’s study is without ap- 
preciable effect on the electric parameters of this medium. An attempt was 
made to measure any effect of ferrohemoglobin on these parameters with 
negative results. The method used is open to the criticism of insensitivity 
but it is the best available for the purpose at hand. 

For the absolute determination of the dielectric constant of a medium 
throughout which ionic forces are at play, it would be necessary to measure 
the velocity through this medium of radiant energy of such frequency that 
its wave-length would be small in comparison to the distance between the 
ions. If the dimensions of the medium are massive in comparison to those 
of the artifacts within it, the over-all permeability and susceptibility may, 
for practical purposes, be taken as equal to that of the medium itself. Thus 
Maxwell’s field equations are applied to air as though it were free space, 
notwithstanding the fact that its contained oxygen is definitely paramagnetic 
and in spite of the fact that these equations break down completely when 
we get down to dimensions far above those of the gas molecules in air. 
This is so because for those wave-lengths appreciably above the dimensions 
of artifacts in an absolutely heterogeneous field the latter becomes homo- 
geneous. We cannot hope to use any radiant energy practically available 
for an absolute determination of dielectric constant in a heterogeneous field 
and thus we cannot determine the dielectric constant of the medium in the 
immediate vicinity of valence charges. It is the last parameter that may 
be the all important one. For the present, however, we have no alternative 
but to treat the solutions employed in this study as an isotropic homo- 
geneous medium and to measure the effect of ferrohemoglobin on the ap- 
parent dielectric constant of a sodium chloride solution of the same order 
of concentration as those employed in securing the comparative titrations. 
This was done by the measurement of its effect on the distributed capacity 
of the inductive component of an antiresonant electrical circuit. The 
frequencies used were as high as was compatible with accuracy in measure- 
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ment and too high for the measurements to have been thrown off by the 
effect of ionic mobilities. 

For this purpose the Boonton Q meter was employed. The apparatus 
consists of a variable high frequency oscillator supplying the antiresonant 
circuit, the potentials across the latter being read in terms of Q on a vacuum 
tube potentiometer. The inductance consisted of a coil comprising six 
turns of No. 12 enameled copper wire wound snugly around a 6 X ? inch 
soft glass test-tube in which was placed the solution whose comparative 
dielectric constant was to be determined. The circuit was brought into 
antiresonance by adjustment of the variable condenser in parallel with the 
inductance, for different frequencies between 12 and 45 megacylees, in the 
presence and absence of ferrohemoglobin in the solution. There was no 














Taste VI 
Effect of Ferrohemoglobin on Apparent Specific Inductive Capacity of Sodium Chloride 
Solution 
0.11 mu NaCl 0.18 mm ferrohemogiobin in | Distributed capacity* 
@ X 108 
With Without 
Q ce ferrohemo- ferrohemo- 
i ay globin globin 
12 203 | 446.11 0.50 
15 231 290.49 0.51 
18 243 202.40 0.60 
25 258 101.68 255 | 101.63 0.60 0.55 
35 216 | 50.55 | 0.56 
36.9 200 | 45.70 0.56 
45 144 | 29.91 4s | (29.91 0.615 0.615 

















*In micromicrofarads. 


significant difference in the readings obtained from the two solutions 
(Table VI). Apparently the presence of ferrohemoglobin in the concen- 
tration of 0.1 mm is without effect on the over-all dielectric constant of 
sodium chloride of like concentration for this particular band of frequencies. 

The values of Q observed in this experiment are also given in Table VI. 
Ferrohemoglobin as a ferromagnetic substance should have exhibited for 
the solution in which it was incorporated a slightly higher Q value than 
that of the solution from which it was absent. (Actually this is seen to 
be the case when Q/d is plotted; the point reversal at 25 megacycles is 
undoubtedly an experimental error.) The method is not, however, devised 
for the accurate determination of magnetic susceptibilities. But the coin- 
cidence of the Q values has a more pertinent significance. While Q is 
ordinarily used as a “‘figure of merit” for inductances and capacitances, we 
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may adduce from the fact that there is little difference in its value with or 
without ferrohemoglobin an additional proof that the latter is without 
marked effect on the dielectric constant of its solutions at any wave-length, 


For 


wl 1 
On ” ocr’ (m) 
L 
C= CR (n) 


and 


a ,/tt 
0- /i-% g 


the frequency terms disappearing and Q having the dimensions of an im- 
pedance. Now the square root of the ratio of magnetic susceptibility to 
dielectric constant is likewise an impedance and a constant one for any 
isotropic, homogeneous medium in which a fixed velocity of propagation 
of electromagnetic energy obtains. Pauling and Coryell (19) have meas- 
ured the magnetic susceptibility of ferrohemoglobin solution and have found 
it to be constant over a pH range coinciding with that covered in this study. 
Since magnetic susceptibility is inductance per unit distance, it necessarily 
follows that the dielectric constant which is capacitance per unit distance 
must likewise be uniform over this range. The varying 6 values, therefore, 
could not, by this reasoning, be due to change in dielectric constant of the 
solutions with varying hydrogen ion concentration. 

Calculations from the data shown in Fig. 3 likewise serve as an indication 
to construe these varying 8 values as due to something other than a change 
in the dielectric constant of the medium, exclusively. Unless some other 
construction is put upon them, one cannot escape some rather remarkable 
conclusions. If we assign an ionic strength valence of unity to ferro- 
hemoglobin, from the equation for a, the 8 slope, Curve A in Fig. 3, would 
connote a dielectric constant higher than that of any known substance, 
while from the 8 slope, Curve B, there would be indicated for the solution 
a dielectric constant half that of free space. The speed of light through 
such a medium would be 4 times that in a vacuum. 

It is thus probable that variations in exhibited 8 value are not condi- 
tioned by dielectric changes in the medium. Suggestive evidence that they 
should not be so construed is also vielded from Stadie’s data. Nitric oxide 
and carbon monoxide ferrylhemoglobin were found by Stadie to lower the 
8 value in the activity equation as applied to bicarbonate ion, while ferro- 
hemoglobin, ferrihemoglobin, and cyanide ferridehemoglobin did not affeet 
the theoretical value for a univalent ion markedly. A more likely explana- 
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tion than that the ferrylhemoglobins produced a marked rise in the dielectric 
constant of their aqueous solutions is that, their isoelectric point being 
closer to the pH corresponding to the pK, of carbonic acid, their ionic 
strength valence in this range is less than unity. That of ferrohemoglobin 
and ferrihemoglobin (and probably the ferridehemoglobins), having iso- 
electric points further removed from this vicinity, exhibit a normal 8 
value for a univalent ion because, fortuitously enough, the pI of the latter 
is just such a distance from the pK, of carbonic acid that the pigments 
have a stoichiochemical valence of 1 at the latter point. 

Interpretation of 8 Slope for Protein Solutions—In the face of the results 
of the present investigation those theoretical considerations which led 
Stadie (8) to ascribe a maximum ionic strength valence of unity to ferro- 
hemoglobin are untenable. They would unquestionably be valid if the 
molecule were a globular mass with the valence charges distributed uni- 
formly over its surface; each charge might then be sufficiently removed 
from its neighbors to be considered as outside their electrostatic spheres 
of influence. The probabilities are, however, that these valence charges 
(some at least) are within the body of the molecule and, therefore, if the 
distribution is uniform or otherwise, closer together than could possibly be 
the case with a uniform surface distribution. Many charges would: be 
likely to fall within the activity spheres of others and the molecule to exhibit 
ionic strength polyvalency. For it cannot be held that valence charges 
within a protein molecule are effectively removed from participation in the 
ionic environment of its solution; stoichiochemical behavior negates such an 
assumption. The protein molecules have enormous lattice constants and 
the diffusion rate of smaller ions through the interstices of the solvated 
protein molecule is not of a different order of magnitude than this rate 
through the medium of solution. 

If the variations in 8 are then to be interpreted as conditioned by a varia- 
tion in the ionic strength of ferrohemoglobin, what coefficient are we to 
set in defining this function? With the ordinary value set for 8, the 
maximum ionic strength valence of ferrohemoglobin is far below its stoichio- 
chemical valence at the position where the former is at a maximum. One 
explanation could actually be inherent in the Debye-Hiickel theory as 
elaborated. The theory was not designed for unreserved application to 
solutions of dipolar ions but qualification of the theory for application to 
such solutions should be possible. We may do this tentatively and arrive 
at an explanation of the qualitative phenomena as observed in ferrohemo- 
globin solutions. At the isoelectric point, inner salt formation would be 
complete, and ¢ in the expression for a would be zero (because of the 
absence of electrostatic charge on the molecule). As the titration is carried 
away from the isoelectric point, dipoles come into existence in a number 
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proportional to the evinced stoichiochemical valence, but the elements of 
these dipoles may not each exert a unit electrostatic charge because of 
random distribution and neutralization due to proximity. The effect 
would be one of the reduction in net electrostatic charge. This means that 
the discrete values of 8 would be correspondingly reduced for each degree 
of connoted ionic strength valency. This explanation is out of line with 
what has been observed in titrations performed on glycine. The latter 
are represented in Table VII. The maximum 8 value, which, as in the 
case of ferrohemoglobin occurs near the mid-point of neutralization, is 
abnormally high for a divaient ion; at other portions of the curve the value 
is orthodox. Thus for a solution of this dipolar ion we face a situation in 
which the explanation of the abnormally low 8 values as observed in ferro- 


Taste VII 


Effect of Ionic Strength on Apparent Acid Dissociation Constant of Glycine (Calculated 
on Basis of Classical Theory) ' 











Lo Siding an vivcinaté pH PKa pK: ve 6 
—0.784 8.522 9.304 | 9.662 0.237 | 1.49 
8.301 9.084 9.669 0.384 , 
—0.404 8.859 9.264 9.780 0.219 2 aw 
8.535 8.944 9.788 022 | * 
—0.125 9.041 9.166 9.831 0.208 3.19 
8.647 8.774 9.830 0.329 , 
0.125 9.119 8.995 | 9.745 0.200 | 3.73 
8.701 8.570 9.745 Te Bs 
0.399 9.210 8.811 9.791 0.183 | 
0.785 9.330 8.546 0.179 1.90 
9.136 8.368 | 0.279 : 





hemoglobin solutions does not hold unless we made the further qualification 
that glycine, in the vicinity of the half neutralization point of its acidic 
group, exhibits more than divalency (by hydration of the carbonyl?), a 
possibility which is highly remote. The results with glycine dictate 
caution in the interpretation of the absolute magnitude of 8 in dipolar ion 
solutions at the present state of knowledge. That the variations in this 
value are indicative of variations in ionic strength valence can hardly be 
doubted; the question of the magnitude of the latter variations should be 
left open. 

Practical Considerations from Effect on Acidity of Ferrohemoglobin of Its 
Ionic Environment—The increase of acidity of a protein on the basic side 
of its isoelectric point is an effect qualitatively predictable from the Debye- 
Hiickel theory. This increase would be greater in degree for plasma pro- 
teins than for ferrohemoglobin in which the effect is considered within the 
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physiologic pH range; the former would be farther removed from their 
isoelectric points. Whether the behavior of ferrohemoglobin is duplicated 
by plasma proteins and whether the magnitude of salt effect is physiologi- 
eally sensible are questions which merit further inquiry. 

From the absence of ionic strength effect of ferrohemoglobin at its 
isoelectric point, its solubility at this point should be at a minimum. While 
there are no data on the reduced form of the pigment, it has been observed 
during its preparation from suspensions of carbon monoxide ferrylhemoglo- 
bin that, when the latter had been washed free from all salt at its isoelectric 
point, it was practically insoluble and barely tinged the water in which the 
crystals were suspended. 








Taste VIII 
AE,/ApH Slope ef Horse Ferrihemoglobin-Ferrohemoglobin System (Recalculated from 
Conant (20)) 
Sample | pH (assumed) | pH (corrected) Eo 4 
| 
A 6.42 6.50 —0.123 
8.44 | 8.17 —0.221 ae 
9.42 9.08 —0.244 
0.042 
B 6.42 6.50 —0.116 
844 | 8.10 -0.179 ree 
9.42 9.00 —0.252 y 
| 0.060 
Cc 6.42 6.50 —0.103 
8.4 4 8| 7.96 ~0.183 = 
9.42 | 8.92 —0.270 ' 
| 0.071 














The buffering activity of ferrohemoglobin is practically linear and uni- 
form through its isoelectric point and the effect of an increase in the ionic 
strength of its solution is to increase the buffering power without affecting 
the uniformity of the buffer slope. The increased buffer power of ferro- 
hemoglobin (and ferrihemoglobin, which appears to have an identical 
degree of base receptivity) must be taken into account in pH studies in 
which protein is incorporated into non-protein buffer solutions, for, even 
though the relative molar concentration of the former appears to be slight, 
it may effect a considerable change in the final pH of the solution. Thus, 
in his determination of the value n in the equation for oxidation-reduction 
potential of the ferrihemoglobin-ferrohemoglobin system 

RT [ferrihemoglobin] 


E, = E; —- — lo 


nF ms ferrohemoglobin] (p) 
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Conant (20) took the final pH of the buffer-protein mixture to be the same 
as that of the unmixed buffer and concluded as the result of this technical 
error that the value of n was higher than it was subsequently proved by 
others to be. But the proper value of n can also be calculated from Con- 
ant’s original data when the actual pH of the buffer-hemoglobin solutions 
is determined by correction for the buffer value of the protein at the ionic 
strength of the buffers employed. When this is done (Table VIII), the 
value of n so calculated is in excellent agreement with that found by 
Havemann and Wolff (21), Taylor and Hastings (22), as well as by Barnard 
(9). Itis worthy of note that in the last study the evaluation of pH of the 
hemoglobin solutions which entered into the calculation of the value of n 
was arrived at directly from the BHb/Hb ratios at varying ionic strength 
as derived from the data of the present investigation. The concordance 
of the value of n in the oxidation-reduction equation as determined by this 
means with that value arrived at by other investigators is a rigorous check 
on the accuracy of the experimental work of the present paper. 


SUMMARY 


The acidity, basicity, and buffer powers of ferrohemoglobin are increased 
by the addition of sodium chloride or sodium bromide to its aqueous solu- 
tions. The magnitude of this increase may be considered to be in harmony 
with the behavior of an ampholyte in the light of the Debye-Hiickel theory. 

The ionic strength valence of ferrohemoglobin is zero at its isoelectric 
point and rises on either side of that point to an apparent maximum of 
about 3 on the basic side of the titration curve. 

From theoretical considerations and on the basis of direct measurement, 
ferrohemoglobin is without effect on the dielectric constant of aqueous 
solutions. 

More calcium than sodium ion is bound by ferrohemoglobin at any pH 
above that of its isoelectric point. The magnitude of the difference 
between the two cations is greater than can be explained by the Debye- 
Hiickel theory. 

The calculated maximum ionic strength valence of ferrohemoglobin is 
much lower than its stoichiochemical valence, while that of glycine is 
higher than its known stoichiochemical valence. It is concluded that the 
Debye-Hiickel theory is not to be applied unreservedly to solutions of 


dipolar ions. 
Symbols 


[ ] = concentration on a molar basis 

E, = the characteristic voltage of a half-cell 

ionic strength; one-half of the sum of the concentrations of each of the 
ions present times the square of its valence 

stoichiochemical valence 
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V; = ionic strength valence 

a constant defined by universal terms 

a series of constants whose value is determined by that of @ and the 
stoichiochemical valence of the ion to which it is applied 

Avogadro’s number 

the charge upon an electron 

the gas constant 

the negative logarithms of the first, second,...nth dissociation 
constant of a polybasic acid or polyacidic base 

pK, = the negative logarithm of the dissociation constant of any particular 
acidic group in ferrohemoglobin which is near the point of half 
neutralization at some region of the titration range of the pigment 

figure of merit of an inductance or capacitance 

electrical resistance in ohms 

electrical inductance in henries 

electrical capacity in farads 

frequency in cycles per second 

wave-length 

dielectric constant (specific inductive capacity) 

absolute temperature 

Faraday’s electrochemical equivalent 

the number of electrons involved in the change from oxidized to re- 
duced form 
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The structural similarity of the 5-carbon amino acids, ornithine, pro- 
line, hydroxyproline, and glutamic acid, has provoked much experimen- 
tation and speculation as to their possible metabolic interrelationships. 
Dakin (1) showed that proline, ornithine, and glutamic acid yielded approxi- 
mately equal amounts of glucose when given to a glycosuric dog and did 
not increase acetoacetic acid formation when they were perfused through 
dog livers. Kapfhammer and Bischoff (2) demonstrated that the in- 
gestion of equivalent quantities of proline and hydroxyproline gave rise to 
the same amounts of extra glucose in the urine of phlorhizinized dogs. 
On the other hand, Edson (3) presented evidence for the ketogenic nature 
of hydroxyproline in the presence of rat liver slices, a property not shared 
by proline, ornithine, and glutamic acid. 

The suggestion that the animal can convert glutamic acid to proline was 
made by Abderhalden (4) after showing that protein hydrolysates rich 
in glutamic acid but freed of proline by alcohol extraction were nutrition- 
ally as effective as whole hydrolysates. 

The conversion of proline to glutamic acid is better established (5, 6). 
Such a conversion would necessarily be accompanied by the consumption 
of oxygen and the appearance of primary amino nitrogen. The addition 
of proline, and to a lesser extent of hydroxyproline, to suspensions of 
kidney and liver slices results in an increased oxygen uptake (7, 8) and 
amino nitrogen formation (5,6). Weil-Malherbe and Krebs (5) were able 
to isolate a-ketoglutaric acid from the reaction products and Neber (6) 
obtained glutamic acid itself. Incidentally, both groups of workers ruled 
out pyrrolidonecarboxylic acid and Neber ruled out a-amino-d-hydroxy- 
valeric acid as intermediates in this conversion by demonstrating that these 
compounds failed to give glutamic acid. Krebs has presented a second 
line of evidence based on the appearance of an increased amount of amide 
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nitrogen when amino acids were added to kidney slices suspended in a 
medium containing ammonia. Of all the amino acids only proline and 
hydroxyproline behave like glutamic acid in bringing about this increase 
which is ascribed to the formation of glutamine. The fact that hydroxy- 
proline gives rise to amino nitrogen less rapidly than does proline suggested 
to Krebs that hydroxyproline is not an intermediate in the conversion of 
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proline into glutamic acid but that perhaps a part of the hydroxyproline is 
metabolized by way of proline. 

The possibility that proline may be biologically convertible into orni- 
thine is indicated by two lines of evidence. Ackermann (9) and Neuberg 
(10) have isolated both n-valeric and 6-aminovaleric acids from the prod- 
ucts of the bacterial catabolism of proline. Krebs (11) has shown that 
extracts of mammalian kidney can oxidize optically abnormal proline and 
ornithine to the same keto acid, a-keto-d-aminovaleric acid. 

That the intact animal can convert ornithine into both glutamic acid 
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and proline has been shown by work previously reported from this labora- 
tory (12). When dl-ornithine labeled with deuterium was fed to mice, 
both the glutamic acid and the proline isolated from their bodies con- 
tained significant amounts of isotope. 

To obtain further evidence respecting the possible interconversions of 
these compounds di-proline containing N“ and deuterium has been syn- 
thesized by the reactions shown in Fig. 1 and the 1(—)-proline prepared 
from it fed to rats. Two isotope labels were used in order to be able to 
follow both the nitrogen and the carbon chain of proline. A number of 
amino acids were isolated and the distribution of isotope in various organs 
and excreta was studied. 


EXPERIMENTAL 


Synthesis of dl-Proline with Deuterium and N“—Coumalic acid, pre- 
pared by heating malic acid with fuming H,SO, according to von Pechmann 
(13), was esterified with CH;OH and the methyl ester (I) purified by 
vacuum distillation followed by recrystallization from hot ligroin. 

In the preparation of ammonia for the reaction with coumalic acid ester 
(14) an apparatus similar to that described by Schoenheimer and Ratner 
(15) was used. In a typical run a concentrated water solution of 17.0 gm. 
of NH,Cl, containing 2.41 atom per cent excess N“, was dropped slowly 
into 75 ec. of boiling 40 per cent NaOH over a period of about 1 hour. 
The ammonia was carried by a stream of nitrogen into a suspension of 22 
gm. (0.143 mole) of coumalic ester (I) in 70 ce. of H,O kept cold with ice. 
Any ammonia not absorbed in the reaction flask was caught in a trap 
containing HCl. The ester gradually dissolved and the solution turned 
yellow as hydroxynicotinic acid (II) was formed. The solution of the 
ammonium salt of hydroxynicotinic acid was allowed to warm up to room 
temperature and after about 1 hour was cooled with ice and then made 
alkaline with 70 cc. of 40 per cent NaOH. It was found that the yield 
was decreased and the product was more deeply colored if the NH, salt 
was not cooled before the addition of NaOH. The alkaline solution was 
boiled for 5 minutes and nitrogen passed through for 30 minutes longer in 
order to collect all the liberated NH; in the HCl trap. The solution was 
cooled and acidified to Congo red with concentrated HCI; the precipitate 
was filtered cold and washed with cold H;O. The tan powder so obtained 
was purified by solution in dilute NaHCO; and precipitation with HCl. 
The yield was 17.7 gm. (89 per cent of theory) of hydroxynicotinic acid 
(II). A series of such runs was made with the NH,Cl recovered from the 
trap for each successive run. 99 per cent of the N™ used could be 
accounted for in the hydroxynicotinic acid produced, in the NH,Cl re- 
covered from the trap of the last run, and in the Kjeldahl digestion of the 
mother liquors. 
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Dry powdered hydroxynicotinic acid was decarboxylated as déscribed 
by von Pechmann and Baltzer (16) and the a-pyridone (IIT) formed was 
distilled at atmospheric pressure (b.p. 285-290°). 141.8 gm. of hydroxy- 
nicotinic acid so decarboxylated, 20 gm. at a time, gave 89.3 gm. (92 per 
cent of theory) of a-pyridone which was purified by recrystallization from 
ethyl acetate. The yield of recrystallized a-pyridone was 77.3 gm. (80 per 
cent of theory), m.p. 106-107°. 

At this stage heavy hydrogen was introduced into the molecule. a- 
Pyridone in glacial acetic acid was shaken at 100° with deuterium gas 
(99.6 atom per cent D) at slightly less than 1 atmosphere of pressure in the 
presence of platinum catalyst (17) in an apparatus described by Ritten- 
berg and Schoenheimer (18). In a typical run with 26.0 gm. of a-pyridone 
in 25 ec. of dry acetic acid with 2.5 gm. of platinum catalyst deuterium 
was consumed as fast as it could be generated. Apparently less catalyst 
would have sufficed. Theoretical uptake of gas was obtained in about 7 
hours. At the end of the reduction the platinum was filtered off, the acetic 
acid was evaporated, and the a-piperidone (IV) purified by distillation at 
134° at 14 mm. pressure. Yield, 22.4 gm. (83 per cent of theory). 

a-Piperidone was converted into dl-proline by the method of Heymons 
(19) with a few modifications (see Fig. 1). The trichloro compound (V) 
was formed by heating freshly distilled a-piperidone (IV) with 3 equivalents 
of PCl, in a dry xylene solution. The reaction mixture was fractionally 
distilled at 4 to 5 mm. pressure and the portion boiling between 55° and 
110° collected. Care had to be taken to keep the solutions dry during the 
reaction and distillation. The dichloropiperidone (VI) which was formed 
immediately on the addition of H,O was further hydrolyzed by boiling with 
HCI to give the hydrochloride of a,a-dichloro-é-aminovaleric acid (VII). 
The solution was concentrated and made just alkaline to litmus with 
Na,CO;. The a,a-dichloro-d-aminovaleric acid which precipitated out as 
colorless crystals was not isolated but was directly reduced to proline (VIII) 
by the gradual addition of 5 per cent sodium amalgam to the ice-cold, 
stirred suspension over a period of several hours. The mixture was evapo- 
rated to dryness and the proline, isolated by extraction with alcohol, was 
converted to the copper salt. In the best run 22.4 gm. of a-piperidone gave 
11.7 gm. of copper proline dihydrate (32 per cent of theory). 

The combined copper salt from several different preparations was de- 
composed with HS and the dl-proline recrystallized from absolute ethyl 
alcohol. 

C,H,0,N (116.7, corrected for isotope content) 


Calculated, N 12.0; found,' N 11.9 
17.0 atom % D; 2.32 atom % N*5 





1 All the N analyses reported were done by the Kjeldahl method. 





—_—lCr rh .lC<C KH lC CO 


ee @omeewvteeeacpneee mf @& & & & Se oe ee ee 


— & 3~ > 








M. R. STETTEN AND R. SCHOENHEIMER 117 


The deuterium content is approximately what would be predicted on the 
assumptions that there are 3 stable deuterium atoms in the synthetic pro- 
line, as indicated in Fig. 1, and that the deuterium gas used for the re- 
duction of a-pyridone was diluted by completely exchangeable H from the 
carboxyl group of the acetic acid solvent and the =N—H group of the 
a-pyridone?? 

Preparation of l(—)-Proline—Proline of the natural optical configura- 
tion was obtained from the synthetic dl-proline by enzymatic oxidation of 
the unnatural isomer to a-keto-d-aminovaleric acid by the method of Krebs 
(11). It was found convenient to carry out the resolution in 1 gm. batches 
because of the limitations of size of available apparatus and because in- 
creasing the concentration of the substrate resulted in less complete oxida- 
tion of the d(+)-proline. 1 gm. of dl-proline in a pyrophosphate buffer 
solution at pH 8,6 was shaken at 39° in an atmosphere of oxygen with a 
d-amino acid oxidase solution prepared from dried kidney powder. The 
total volume of 220 cc. was contained in a 500 cc. round bottom flask. 
Oxygen was admitted continually at slightly more than atmospheric pres- 
sure and the oxygen uptake roughly measured. After 2 hours nearly the 
theoretical amount of oxygen was taken up and the process was discon- 
tinued after 3 hours. Protein was removed from the resulting solution by 
means of trichloroacetic acid and the keto acid precipitated as the 2,4- 
dinitrophenylhydrazone. Yields of the hydrazone varying between 60 and 
95 per cent of theory were obtained. After the hydrazone was filtered off, 
the solution was extracted three times with ether to remove trichloro- 
acetic acid and any excess 2 ,4-dinitrophenylhydrazine, treated with char- 
coal, and the colorless filgrate concentrated. Proline was precipitated as 
the rhodanilate (20) and the free amino acid, still optically impure, was 
isolated and recrystallized from ethyl alcohol. Variation in yield (78 to 
90 per cent) and rotation ([a], = —48° to —82°), observed in spite of 
attempts to keep conditions as nearly constant as possible, were ascribed 
to variations in the activity of the enzyme preparations used. 

The mixtures of /- and dl-proline obtained from such enzymatic pro- 
cedures were combined and converted to the picrates. Optically pure 
L-proline picrate was obtained by fractional crystallization, advantage be- 
ing taken of the greater solubility of dl-proline picrate in water; m.p. 
149-150°; [a]24 = —20.9° (1.5 per cent in water). 


20.274 mole of a-pyridone requires 1.1 gm. atom of H. 0.43 mole of acetic acid was 
used and the D,O used for the generation of D, was stated to contain 99.6 atom per 


cent D. 
1.1 


1.1 + 0.43 + 0.27 


3 
9 X 61 = 20.3 atom % D expected in proline 





X 99.6 = 61 atom % D in gas phase during reduction 














118 METABOLISM OF PROLINE 


When 5.56 gm. of /-proline picrate were decomposed with aniline by the 
method of Cox and King (21), 1.74 gm. (94 per cent of theory) of l(—)- 
proline were obtained. 


C,H,O:N (116.7, corrected for isotope content) 
Calculated, N 12.0; found, N 11.9 
la]> = —82.3°; 17.8 atom % D; 2.32 atom % N's 


In order to determine whether the C-bound deuterium of proline is stable 
under the conditions of acid hydrolysis, a sample of di-proline containing 
17.0 atom per cent D was boiled with 20 per cent HCl for 72 hours. The 
proline isolated from this solution was found to contain 16.2 atom per 
cent D. Thus even under these relatively drastic conditions exchange, if 
there is any, is very slow. This finding is in agreement with the observa- 
tion that only traces of deuterium were introduced into the molecule when 
ordinary proline was boiled with HCl and heavy water (22). The bio- 
chemical stability of the D on proline was indicated by the unchanged D 
content after treatment with the kidney powder extract used in the prepara- 
tion of l(— )-proline. 

Feeding Experiment—Three adult male rats having a total combined 
weight of 890 gm. were kept on a stock diet consisting of 15 per cent 
casein, 68 per cent corn-starch, 5 per cent yeast, 4 per cent salt mixture 
(23), 2 per cent cod liver oil, and 6 per cent of refined cottonseed oil (Wes- 
son oil) for a preliminary period of 7 days during which time the weights of 
the animals remained constant to within 3 per cent. Isotopic /-proline 
(2.32 atom per cent N™, 17.8 atom per cent deuterium) was then added to 
the stock diet for the next 3 days. The rats completely consumed 135 gm. 
of diet containing 1.575 gm. of isotopic /-proline (1.5 mM per rat per day) 
and maintained constant weight. The urine and feces were collected dur- 
ing the 3 days. At the end of the 3rd day the rats were killed by heart 
puncture under ether anesthesia and the blood collected in oxalate. The 
contents of the intestinal tracts were combined with the feces, and the 
various organs were worked up separately. Small samples of muscle, shaved 
skin, and bone marrow were taken from each animal for investigation of 
their proteins (Table III). A sample of the body water distilled from the 
livers was found to contain 0.011 atom per cent deuterium. 

Excreta—The combined urine from the three rats was collected daily and 
analyzed for total N and isotope. NH; was determined and isolated by 
aeration from K;CO; (24) and urea by isolation as the dixanthydry] deriva- 
tive (25) of which a recrystallized sample was used for isotope analysis. 
The combined feces for all 3 days were digested and samples analyzed for 
total N and N”. The results obtained are shown in Table I. 

Blood—The pooled blood, collected in oxalate, was centrifuged, the 
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plasma pipetted off, and the cells washed with isotonic saline solution and 
hemolyzed with water. Hemin was isolated from an acetic acid-NaCl 
solution by the method of Moerner (26). The plasma proteins, precipi- 
tated by 6 per cent trichloroacetic acid, were hydrolyzed by boiling for 


TaBLe I 
Partition and Isotope Distribution of Excretory Nitrogen 


The isotope concentration in excess of the natural abundance is expressed as A, 
the analytical value, and B, the value calculated on the basis of 100 atom per cent 
N* in the compound fed. 
































Day of | : Ne B 
Gapetlneat | Source of N Total N | concentration a 
oe: | lg a 3 fais ae = a nn $0 tele cent alom per cent 
Ist Total urine 0. 74 | 0.061 2.6 
Urea | 0.703 | 0.063 | 2.7 
NH; | 0.141 | 0.061 2.6 
2nd Total urine 0.810 0.073 3.1 
Urea 0.610 0.072 3.1 
NH; | 0.142 0.074 3.2 
3rd Total urine | 0.826 0.076 | 3.3 
Urea 0.630 0.074 | 3.2 
NH; | 0.132 0.091 3.9 
Feces | 0.545 0.024 | 1.0 
, N® atom % in sample _ analyzed 
*N® atom % calculated = ————— X 100. 
nation N*® atom % in proline fed (i.e. 2.32) 
TABLE II 
Distribution of Isotopic Nitrogen in Blood 
: (A) N® (B) N¥ 
Total N commaanastihi a 
em. % alom per cent aiom per ceni 
Blood, whole......... pres atc ce ce 1.032 0.016 0.7 
me meee COOLS IUGR. ake oy. FORE 0.051 2.2 
“ pen-preteien Th... . 22.220 smcasginie es 0.009 0.053 2.3 
A EL . «nan ) + Lenvetenhnerns 0.147 0.055 2.4 
IEOS. ..... 0» om» slates henssansiheuee 0.729 0.007 0.3 
ea ge ty Te eee ttt 0.012 0.5 














24 hours with 20 per cent HCl. Samples of whole blood, plasma, hemo- 
lyzed cells, hemin, hydrolyzed plasma proteins, and plasma non-protein 
nitrogen were taken for analysis. The results are shown in Table II. 
Carcass—After the removal of the organs and samples of skin, muscle, 
and bone marrow, the remaining bodies of the three rats were combined, 











120 METABOLISM OF PROLINE 


minced, and extracted several times with 6 per cent trichloroacetic acid to 
separate the protein from the non-protein nitrogen. The insoluble part 
was hydrolyzed by refluxing 24 hours in 20 per cent HCl and the humin 
removed by filtering the chilled solution. Samples of this protein hydrol- 
ysate and the non-protein N solution were taken for analysis. The re- 
sults appear in Table III. The hydrolysate was decolorized with charcoal 
and used for isolation of “carcass” amino acids. 

The samples of bone marrow taken from the femurs of each of the rats 
were pooled and hydrolyzed directly. The pooled skin samples were ex- 
tracted with 6 per cent trichloroacetic acid and the insoluble part hydro- 
lyzed with HCl. The muscle samples were treated in the same way as the 























Taste III 
Distribution of Total and Isotopic N in Carcass and Organs 
| pis 
Total N | oq(4) Nitin | concentation 
gm. atom per cent | atom per cent 
Carcass Non-protein N | 4.70 0.010 0.4 
Total proteins 20.31 | 0.010 0.4 
Muscle “ 0.010 0.4 
Skin proteins 0.020 0.9 
Bone marrow 0.052 2.2 
Organs Non-protein N 0.454 | 0.027 1.2 
Total proteins 1.684 | 0.035 1.5 
Liver “ 0.793 | 0.041 1.8 
Gastrointestinal tract proteins 0.362 , 0.029 1.3 
Kidney proteins 0.139 | 0.030 1.3 
Spleen “ 0.083 | 0.026 1.1 
Lung proteins | 0.131 | 0.025 1.1 
Testes proteins | 0.090 | 0.022 0.9 
Heart “ | 0.085 | 0.013 0.6 








skin; samples of the bone marrow, skin, and muscle protein hydrolysates 
were analyzed for N" (Table III). 

Organs—The livers, washed gastrointestinal tracts, kidneys, spleens, 
testes, hearts, and lungs were minced, extracted with 6 per cent trichloro- 
acetic acid, and treated for 24 hours with boiling 20 per cent HCl. The 
trichloroacetic acid extracts were combined and analyzed as non-protein 
N of the organs. Samples of the protein hydrolysates of the organs were 
analyzed separately for total N and N™. The organ hydrolysates were 
then combined for amino acid isolations and a sample of the combined pro- 
tein hydrolysates was analyzed for total N and N. The results are shown 
in Table ITT. 

The combined livers after trichloroacetic acid extraction were further 
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extracted with an alcohol-ether mixture to obtain a sample of liver fat. 
The fatty acids isolated from this fat contained 0.014 atom per cent deu- 
terium excess. 

Glycogen was precipitated from the combined trichloroacetic acid ex- 
tracts of the organs by the addition of an equal volume of 95 per cent etha- 


TasBie IV 
Concentration of Isotopes in Amino Acids Isolated after Feeding Isotopic l(—)-Proline 


The isotope concentration in excess of the natural abundance is expressed as A, 
the analytical value, and B, the value calculated on the basis of 100 atom per cent 
N'5 and D in the compound fed. 








nina iadin (B)NS | (B) D- 
ccaaaniti | —— | eh wey 
atom per cent | atom per cent atom per cent atom per cent 
I(—)-Proline fed............... 2.32 | 100 | 17.8* 100 
Body water.................... 0.011 0.06 
From proteins of carcass 
Cystine web © Cow e SER Ge wah. cew 0.008 | 0.34 
PS Pe ee | 0.008 | 0.34 | 0.002 0.01 
Glutamic acid............... 0.012 | 0.52 | 0.014 0.08 
Aspartic ‘ 0.009 | 0.39 
ee. eS TP 0.008 | 0.34 | 0.017 0.10 
rn we. , 15}. dese weeds 0.008 | 0.34 | 
ee ae 0.008 | 0.34 | 0.020 0.11 
a-Amino N.............. 0.004 0.17 
EES apt Sere ere 0.078 3.36 | 0.600 3.37 
Hydroxyproline.............. | 0.019 0.82 | 0.103* 0.58 
TD a Ae ce | a 0.47 
From proteins of organs | 
Glutamic acid............... | 0.037~ | 1.60 | 0.046 0.26 
eee. f*, a ccamawa wan eine d | 0.028 | 1.21 | 0.006 0.03 
ID, i athe meaainis obit | 0.022 | 0.95 0.075 0.42 
ND EG ok kw npedveaes at | 0.024 1.03 
See ee 0.82 0.088t 0.49 
a-Amino N.............. | 0.013 0.56 
Pee ci awe 0.015 0.65 
ree 0.362 15.6 3.09* 17.4 
SR ci «than eater 0.018 | 0.78 











* These samples were diluted with non-isotopic material prior to combustion for 


deuterium analyses. 
t Calculated from the deuterium concentration of the arginine. 


nol (27). The precipitate was centrifuged off, washed with alcohol and 
ether, thoroughly dried, and analyzed for deuterium. The organ glycogen 
was found to contain 0.020 atom per cent deuterium. 

Amino Acids of “Carcass’’—A number of amino acids were isolated from 
the “carcass” and organ proteins. Their isotopic composition is reported 
in Table IV. 
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Cystine and Tyrosine—The decolorized hydrolysates of the carcass pro- 
tein were concentrated to a small volume in vacuo to remove excess HC] 
and the pH adjusted to 5 to 6 by the addition of Ba(OH)s. After the solu- 
tion had stood for several days in the refrigerator, the tyrosine-cystine 
fraction was filtered off. The cystine was extracted with very dilute 
NH,OH at room temperature, crystallized from hot HO solution by ad- 
justing the pH to 4.5, and purified by isoelectric precipitation. 


Calculated, N 11.7, S 26.7; found, N 11.5, 8 26.6 


The tyrosine in the undissolved residue was freed of cystine by dissolv- 
ing it in 5 per cent NaCN and reprecipitating at pH 6; it was then recrys- 
tallized from hot water. 


Calculated, N 7.7; found, N 7.6 


“Amide’’ Nitrogen—The remaining hydrolysate was made alkaline to 
phenolphthalein with Ba(OH).; the NH; was aspirated into dilute H.S0O, 
by nitrogen and analyzed for isotope content. 

Dicarboxylic Amino Acids—The barium salts of glutamic and aspartic 
acids were precipitated by the addition of 5 volumes of alcohol, dissolved 
in water, and reprecipitated from water with alcohol; the barium was re- 
moved and glutamic acid hydrochloride isolated and recrystallized from 
HCl. 

Calculated, N 7.6; found, N 7.5 


Aspartic acid was isolated from the mother liquor as the copper salt and 
recrystallized from hot water. 


Calculated, N 7.2; found, N 6.9 


Arginine—After the removal of barium from the remaining hydrolysate 
arginine was precipitated as the flavianate (28), recrystallized, and con- 
verted into the monohydrochloride for analysis. 


Calculated, N 26.6; found, N 26.6 


In order to determine how the isotopic N was distributed among the 4 
N atoms of arginine a sample of arginine was converted to the a-tolu- 
enesulfony! derivative (29) and the amidine group split off by boiling with 
Ba(OH), (30). The NH; was collected and a-toluenesulfonyl ornithine 
isolated and recrystallized from dilute alcohol; m.p. 208-209°. 


Calculated, N 9.8; found, N 9.7 


Isotope analyses were obtained both on the NH; and on the a-toluene- 
sulfonyl ornithine. In a trial it was found possible quantitatively to re- 
move one-half of the N of a-toluenesulfonyl ornithine by the Van Slyke 
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amino nitrogen method in $ hour. This was the 6-amino nitrogen, as the 
a-amino group was blocked. In order to separate the N of the 6- from that 
of the a-amino group, a solution of 41 mg. of a-toluenesulfonyl ornithine in 
acetic acid was shaken with 10 cc. of 30 per cent Ba(NOz): for2 hours. After 
the removal of barium with a slight excess of sulfuric acid the solution was 
evaporated in vacuo with the repeated addition of C,H;OH to remove the 
nitrous acid. The residue was analyzed by the Kjeldahl method, and the 
resulting 1.3 mg. of a-amino N subjected to isotope analysis. 

Proline and Hydroxyproline—After the removal of arginine flavianate the 
filtrate was freed of flavianic acid by the addition of Ba(OH):. The ex- 
cess barium was removed with sulfuric acid and the solution made strongly 
acid with HCl and evaporated to a small volume. Proline was precipi- 
tated as the rhodanilate (20), regenerated with pyridine, and recrystallized 
from absolute ethyl alcchol. 


Calculated, N 12.2; found, N 12.0 


After the removal of proline rhodanilate, hydroxyproline was precipi- 
tated as the reineckate (20) which was decomposed with pyridine. The 
hydroxyproline, which formed colorless crystalline plates after it had stood 
in the refrigerator for several weeks, was purified by washing with cold 
absolute methanol, dissolving in a small amount of water, filtering, and 
reprecipitating with methanol. 


Calculated, N 10.7; found, N 10.6; 0.022 atom % N'5 


Since the hydroxyproline was isolated by means of a reagent which also 
precipitates proline and the proline obtained from the carcass contained 
a relatively high concentration of isotope (0.078 atom per cent N"), it was 
necessary to carry out a “‘washing out” procedure in order to be sure that 
the isotope was actually in the hydroxyproline and not all in contaminating 
proline. To 163 mg. of hydroxyproline isolated from the carcass 18 mg. 
of non-isotopic /-proline were added to dilute any isotopic proline that con- 
taminated the hydroxyproline from the animals. The mixture was dis- 
solved in a few drops of water and hydroxyproline was precipitated from the 
mixture by means of methanol. The first crop, 141 mg., was used for the 
analyses. 

Calculated, N 10.7; found, N 10.7; 0.019 atom % N** 


Three more crops of hydroxyproline, having a total weight of 19 mg., were 
removed by evaporating the solution to a small volume and adding meth- 
anol. After a total of 160 mg. had been removed, proline was precipitated 
. from an ethanol solution of the evaporated mother liquor by the addition 
of a saturated solution of CdCl, in 95 per cent ethanol (31). 29 mg. of 
CdCl, proline double salt were obtained. 


Calculated, N 4.7; found, N 4.7; 0.018 atom % N** 
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From these figures it can be calculated that the original sample of hy- 
droxyproline isolated from the carcass had been contaminated by 3 to 5 
per cent proline. Since the proline present as a contaminant after the 
washing out had the same N™ concentration as the hydroxyproline, the 
value of 0.019 atom per cent N” may be taken as the true isotope concen- 
tration of the carcass hydroxyproline. 

Amino Acids of Organs—The following amino acids were isolated from 
the combined organ protein hydrolysates by the methods used for the car- 
cass: glutamic acid hydrochloride (calculated, N 7.6; found, N 7.6), copper 
aspartate (calculated, N 7.2; found, N 6.9), arginine hydrochloride (caleu- 
lated, N 26.6; found, N 26.3), proline (calculated, N 12.2; found, N 12.0), 
The isotope analyses of these compounds are found in Table IV. 

Arginine—In order to study the distribution of N™ among the N atoms 
of the organ arginine a 20 mg. sample of arginine hydrochloride was re- 
fluxed with a solution of Ba(OH), for 30 hours and the NH; liberated from 
the amidine group was swept out by means of a stream of Ne gas into 
H.SO,. 2.44 mg. of N were obtained from the amidine group (2.66 mg., 
theory). Barium was removed from the remaining ornithine solution which 
was found to contain 2.61 mg. of N (2.66 mg., theory) and the two samples 
were analyzed for N™ (Table IV). 

The silver oxide oxidation method of Herbst and Clarke (32) was used to 
obtain separate samples of N from the a- and 6-NHe: groups of the organ 
ornithine. These authors found that 8-aminopropionic acid was not oxi- 
dized by Ag,O under conditions which brought about oxidation of a-amino 
acids, and concluded that only the a-amino groups responded to this treat- 
ment. 

In a trial run with authentic ornithine dihydrochloride (= 5 mg. of N) 
the N was divided into two approximately equal fractions by this method. 
The NH; fraction (<= 2.58 mg. of N) was isolated from the volatile portion 
by the method of Weber and Wilson for separating NH; from amines (33), 
and presumably came from the a-amino group. From the residues 1.85 
mg. of non-ammoniacal N was recovered and was assumed to have arisen 
from the 6-amino group of the ornithine. 

A sample (approximately 8 mg. of N) of arginine monohydrochloride 
isolated from the organs was boiled with Ba(OH), solution for several days 
until 98 per cent of the theoretical amount of N in the amidine group was 
recovered as NH;. After excess barium was removed as the carbonate, the 
ornithine in solution was oxidized with AgeO. 1.07 mg. of NHs;-N and 
1.11 mg. of residue N were obtained. The N™ analyses of these fractions 
are reported in Table IV as a-amino N and é-amino N respectively. 


DISCUSSION 


Absorption from Gastrointestinal Tract—Less than 3 per cent of the iso- 
topic nitrogen fed was recovered in the feces (Table V); at least 97 per cent 
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of the proline of the diet must have been absorbed across the wall of the 
gastrointestinal tract. 

Urine—Nearly 40 per cent of the N™ fed as proline was recovered in 
the urine. The concentration of isotope was of the same order of magni- 
tude in the urea as in the NH; isolated from the urine. However, by far the 
greater quantity of N’ was present in urea, as the urine contained about 5 
times as much urea as NH; nitrogen (Table I). As almost all of the 
isotope in the urine could be accounted for in the urea and the NHs, no 
other compound rich in isotope can have been present in large amount. 

Distribution of Isotopic Nitrogen in Carcass and Organs—The nitrogen 
of the proline that was absorbed was found to be distributed throughout the 
body in the protein and non-protein nitrogen fractions of the various tissues 
and organs (Table III). The anatomical distribution of the nitrogen of 
the secondary amino acid, /(— )-proline, was in a general way similar to 


TaBLe V 
Balance of Nitrogen Isotope after Feeding Isotopic l{(—)-Proline 
The values are calculated from the total nitrogen of the fractions and their iso- 
tope concentrations. 





Fraction of administered 
N® recovered 








BIN, ibn iwi cil «<psdd' dO) » ha visit dao} eile > ae aS 2.6 
Siy,« <¢s0h pated anleveever «ote > Fechh medeiehiaaeen al 39.7 
SenObeln MEOTOGOR. .. oe a cc cedosscekesmrateseare 12.7 
SE ID 6. Vs ow ides pe 0ven tis ane eee 59.8 

Total isotope recovered. ....... 0... .0.- 20 ec cece ene eees 114.8 





that found after the feeding of the primary amino acid, 1(—)-leucine (34). 
The livers, gastrointestinal tracts, and kidneys contained a higher concen- 
tration of isotopic nitrogen than did the other organs investigated, an indi- 
cation of the more rapid uptake of proline in these organs. The concentra- 
tion of isotope found in the proteins of any organ after the administration 
of an isotopic amino acid will depend not only upon the rate of protein 
turnover but also upon the quantity of that amino acid normally present 
in the proteins of the organ under investigation. The concentration of iso- 
topic nitrogen in the proteins of the skin is higher than would have been 
expected on the basis of experiments with other isotopic amino acids (34, 
35). This may be due in part to the high concentration of proline in con- 
nective tissue, as is evidenced by its high concentration in gelatin (36) 
and elastin (37). 

The bone marrow contained a very high concentration of N“. There 
are no available figures from other isotopic amino acid feedings with which 
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to compare this finding. It is at least in part a reflection of the rapid cellu- 
lar proliferation of bone marrow. 

Blood and Hemin—The proteins of the plasma were found to be richer 
in isotope than those of any other tissue analyzed, as was also the case when 
isotopic glycine, /(— )-leucine, and d(+-)-leucine were fed (38). The eryth- 
rocytes had a low concentration of isotope. 

The nature of the starting materials from which animals synthesize the 
pyrrole rings of hematoporphyrins has long been a subject of speculation. 
The possibility that the amino acids proline, hydroxyproline, glutamic 
acid, and pyrrolidonecarboxylic acid are involved in such a synthesis has, 
on the basis of their structural similarity to pyrrole, been suggested by 
Abderhalden (39) and by Lusk (40). With the object of shedding some 
light on this question, hemin was isolated from the blood of the animals 
fed isotopic /(—)-proline. However, in view of the slow rate of synthesis 
of hemoglobin, the short duration of the feeding experiment, and the low 
isotope concentration of the /(—)-proline fed, no clear conclusions can be 
drawn as to the réle of proline in porphyrin synthesis. The hemin isolated 
after /(—)-leucine had been fed contained a lower percentage (0.14) of the 
labeled nitrogen than did the red blood cells (0.29), whereas after /(— )-pro- 
line had been fed for the same length of time the hemin contained a 
higher percentage (0.52) than the whole red cells (0.30). About the same 
concentration of N“ was found after a 3 day administration of isotopic 
l(—)-proline as after 9 days of a diet containing isotopic ammonia (41). 
These results leave open the possibility that the pyrrole nucleus of por- 
phyrins can be derived intact from proline. 

Replacement of Tissue Proline by Dietary Proline—If the proline content 
of casein is taken as 8 per cent (42), the 135 gm. of diet which contained 
15 per cent of casein had an approximate total of 1.6 gm. of non-isotopic 
proline. If the small amount of proline contributed by the 5 per cent of 
yeast be neglected, it can be estimated that the rats consumed approximately 
1.6 gm. of non-isotopic proline in addition to the 1.575 gm. of isotopic 
proline (2.32 atom per cent N™ excess) during the 3 day experiment. The 
average N™ content of the proline of the diet was therefore 2.32 X 1.6/3.2 = 
1.2 atom per cent excess. Since the proline isolated from the carcass con- 
tained 0.078 atom per cent N™, at least (0.078 X 100)/1.2 = 7 per cent of all 
the proline present in the carcass protein was replaced by dietary proline 
in 3 days. It can similarly be computed that at least 30 per cent of the 
proline of the organs was replaced by proline from the diet in 3 days. 
Since the total amount of proline in the diet is well within the normal 
range and the weights of the animals remained approximately constant 
throughout the feeding experiment, these figures may be taken as a measure 
of thg minimum rates of normal replacement of tissue proline by dietary 


proline. 
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The use of both D and N® as markers of the same amino acid molecule 
makes it possible to follow the metabolic fate of the carbon chain and of 
the amino group separately (34). After the administration of doubly 
marked /(— )-leucine, the leucine isolated from the proteins of the rats con- 
tained both isotopes, but in greatly altered ratio, indicating that leucine was 
rapidly deaminated and aminated (34). When isotopic /(+)-lysine was 
fed, the ratio of the isotope concentrations of the lysine isolated was the 
same as in the compound fed, showing that none of the N of the a-NH2 
group had been replaced by nitrogen from other sources (43). In the pres- 
ent case also both isotopes were found in the proline isolated. The iso- 
tope ratio (N°: D) in the proline fed was 2.32:17.8 = 0.13; in the proline 
isolated from the carcass, 0.078:0.600 = 0.13; and in the proline isolated 
from the organs, 0.362:3.09 = 0.12. Analytically these findings resemble 
the results with lysine rather than with leucine. The interpretation, how- 
ever, is somewhat different. Unlike both lysine and leucine, proline is 
dispensible and can be synthesized from ornithine (12) and probably from 
other metabolites. Since the secondary amino acid proline cannot lose 
N® by N transfer reactions without prior ring opening, a change of isotope 
ratio (N“:D) could occur only as a result of extensive proline synthesis 
from compounds richer in one isotope than in the other. The actual find- 
ing of a ratio of isotopes approximately the same in the proline isolated as 
in that fed indicates that the proline synthesized was formed either from 
compounds of such low isotope content as to have little effect on the ratio 
or from metabolic derivatives of proline with roughly the same or com- 
pensating ratios of N™:D. 

Conversion of Proline to Hydroxyproline—The hydroxyproline isolated from 
the protein of the carcass contained a relatively high concentration of both 
N* and D (Table IV), proving that part of the proline was converted to 
hydroxyproline in vivo. Except for proline, the hydroxyproline was richer 
in isotope than was any other carcass amino acid isolated. From a com- 
parison of the respective isotope ratios (N“*: D) of the hydroxyproline (0.18) 
and the proline (0.13) it appears that the conversion of proline to hydroxy- 
proline occurred with the loss or labilization of less than one-half of the 
carbon-bound hydrogen. If it is assumed that the hydroxyproline was 
formed from proline which had the same isotope content as that isolated 
from the carcass, the N" figures would indicate that about one-quarter of 
the carcass hydroxyproline had been so produced during the 3 days of the 
feeding experiment. 

Conversion of Proline to Glutamic Acid—Glutamic acid is known to derive 
its N from many sources (34, 44, 41, 45) and the finding of N™ in glutamic 
acid after administration of the isotopic proline would not alone furnish 
conclusive proof of the conversion of the carbon skeleton of proline into 








6 SOIT = 


=< 


POE ee 


ae 


Rt 





128 METABOLISM OF PROLINE 


glutamic acid. The finding that glutamic acid, in spite of its reactivity 
and abundance in tissue proteins, contained appreciable amounts of D 
proves that the carbon skeleton of part of the glutamic acid was in fact 
derived from proline—a reaction previously demonstrated for tissue slices 
(5, 6). Of the 6 H atoms labeled with D in the proline fed, only 2 remain 
stable in the glutamic acid formed, those on the 6-carbon atom (46). The 
extent of conversion is therefore greater than is indicated by a direct com- 
parison of the D concentration of the organ glutamic acid with that of the 
organ proline. 

Transamination in the usual sense (47) cannot occur with the secondary 
amino N of proline. However, once the proline ring has oxidatively 
opened, the N of the resulting glutamic acid can enter into nitrogen trans- 
fer reactions. The finding of small but significant amounts of N™ in cys- 
tine, tyrosine, and aspartic acid can be thus explained. 

Conversion of Proline into Arginine—That the carbon skeleton of proline 
is in part converted into arginine in vivo is shown by the significant con- 
centration of D found in the arginine isolated from the organ proteins. 
It has previously been shown that when deuterio ornithine was fed to mice 
the proline isolated from the proteins of their bodies contained appreciable 
amounts of deuterium (12). These two findings considered together show 
that proline and ornithine are mutually interconvertible in the animal. 
The fact that proline can serve as a precursor of arginine explains the def- 
inite though limited ability of the rat to synthesize arginine (48). 

The organ arginine isolated contained, in addition to D, significant 
amounts of N. A portion of the N™ was found in the amidine group, as 
was the case when isotopic NH; (41), tyrosine (44), and /(—)-leucine (34) 
were fed, and was presumably introduced during the process of urea synthe- 
sis. Significant amounts of the N™ of the proline fed were found in both 
the a- and 6-amino groups of the ornithine derived from the arginine. If 
the concentration of deuterium in the ornithine is taken as a measure of 
the quantity of ornithine derived from proline, the expected concentration 
of N* in that nitrogen atom arising directly from proline would be about 
0.014 atom per cent. As the isotopic values for the N in both the a and 
5 positions of the ornithine are of this order of magnitude, they give no 
clue as to the side of the ring N on which the cleavage actually occurs. 

The reasons for the selection of the pathway from proline to ornithine 
indicated in Fig. 2 are first, that amination in the a position is a well recog- 
nized biological process, whereas introduction of an amino group in the 
6 position is not, and secondly, the compound (c), a-keto-é-aminovaleric 
acid, has been shown by Krebs to be the product of the action of d-amino 
acid oxidase of kidney on both d(+)-proline and d(—)-ornithine. The 
isotope found in the a-nitrogen of ornithine has, in this scheme, an origin 
similar to that in the a position of aspartic acid, tyrosine, and cystine. 
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Metabolic Relationships of Proline, Hydroxyproline, Ornithine, and Glu- 
tamic Acid—In considering the relationships between the 5-carbon amino 
acids, the following observations must be taken into account: (1) When 
proline containing N“ and D was fed, both isotopes were found in the 
ornithine, glutamic acid, and hydroxyproline isolated from the animals. 
N"5 was found in the 6- as well as the a-amino group of ornithine. (2) When 
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Fic. 2. Metabolic interrelationships of proline, hydroxyproline, glutamic acid, 
and ornithine. The over-all conversions indicated have been found to occur in the 
intact animal. There is as yet no convincing evidence for the in vivo conversion of 
hydroxyproline and glutamic acid into proline. Hypothetical intermediates are 
enclosed in brackets. 


deuterio ornithine was fed, proline and glutamic acid isolated contained 
D (12). (3) Pyrrolidonecarboxylic acid (5, 6) and 6-hydroxy-a-amino- 
valeric acid (6) have on other grounds been eliminated as probable inter- 
mediates in the conversion of proline to glutamic acid. The scheme of 
possible intermediates in the interconversions proposed in Fig. 2 accounts 
for the experimental findings. If the first step in the oxidation of proline 
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were a dehydrogenation similar to that generally held to occur in the case 
of the primary amino acids (49), a pyrrolinecarboxylic acid, which could 
exist in tautomeric forms, would be the product. Hydrolysis and oxidation 
of (6) would result in the formation of glutamic acid; hydrolysis of (a) 
would result in the production of a-keto-d-aminovaleric acid (c) which could 
undergo reductive amination to ornithine. The é-amino group would thus 
be derived directly from proline and the a-amino group from the body 
pool of nitrogen. The formation of the intermediates (a), (b), (c) would 
also give a plausible route for the conversion of ornithine into glutamic 


acid and proline. 
SUMMARY 


1. Proline was so synthesized that the carbon skeleton was marked by 
stably bound deuterium and the amino group by N“. The optically natu- 
ral component, /(—)-proline, was prepared from the racemic compound 
by the use of d-amino acid oxidase. 

2. Isotopic 1(—)-proline was added to the normal stock diet of three 
adult rats for 3 days and was well absorbed. Nearly 40 per cent of the 
isotopic N was recovered in the urinary urea and NH;. The remainder was 
distributed in the protein and non-protein nitrogen fractions of the organs 
and tissues. The highest concentration of N'® was found in the plasma 
proteins and bone marrow, the next highest in the proteins of the liver and 
the other internal organs, while the concentration in the muscle was rela- 
tively low. 

3. The isotope concentration of the proline isolated indicated that at 
least 30 per cent of the proline of the proteins of the internal organs and 
7 per cent of the proline of the “carcass” proteins was replaced by dietary 
proline in 3 days. The ratio of isotopes (N"*:D) was approximately the 
same in the proline isolated as in that fed. 

4. The in vivo oxidation of proline to glutamic acid was shown by the 
finding of deuterium as well as N* in the glutamic acid isolated. 

5. The finding of deuterium in the ornithine isolated proves that a por- 
tion of the ornithine was derived from proline. N™ was found not only 
in the amidine group of arginine isolated but also in both the a- and é 
amino groups of the ornithine prepared from this arginine. 

6. From the isotope concentration of the hydroxyproline isolated from 
the proteins of the carcass it was estimated that about one-quarter of this 
amino acid had arisen by the oxidation of proline in 3 days. 

7. Small but significant amounts of isotopic nitrogen were found in other 
amino acids isolated from the proteins. 

8. A scheme of possible reactions in the biological interconversions of 
proline, hydroxyproline, ornithine, and glutamic acid is presented. 
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A MICROTITRATION METHOD FOR THE DETERMINATION OF 
SMALL AMOUNTS OF CITRIC ACID 


By GEORGE W. PUCHER 


(From the Biochemical Laboratory of the Connecticut Agricultural Experiment Station, 
New Haven) 


(Received for publication, January 13, 1944) 


When citric acid is oxidized at room temperature with potassium per- 
manganate in the presence of potassium bromide, pentabromoacetone is 
formed. According to the colorimetric method of Pucher, Sherman, and 
Vickery (1) to determine citric acid, the pentabromoacetone is extracted 
with petroleum ether and treated with sodium sulfide, whereby a yellow 
color, proportional in intensity to the citric acid originally present, is pro- 
duced in the aqueous phase. Experience with this method has brought cer- 
tain disadvantages to light. It has been found that readings must 
invariably be made without delay and, in addition, occasional lots of 
petroleum ether have been encountered which do not give the same ratio be- 
tween the extinction coefficient observed and the quantity of citric acid 
taken as was found with the solvent used in the original investigation. 
Accordingly a calibration curve must be constructed for each lot of ether. 
Attention was drawn to this point in the earlier paper. 

Recently it has not been possible to obtain petroleum ether similar to 
that previously employed. Data are shown in Table I that illustrate the 
difference in the ratio for the petroleum ether previously used and that now 
obtainable. Nevertheless volumetric estimation of the bromine showed 
that the yields of pentabromoacetone formed by the oxidation of the citric 
acid were, in both sets of experiments, in accord with the previous ob- 
servations of Pucher, Vickery, and Leavenworth (2). 

In order to eliminate the uncertainties in the colorimetric method, a 
microtitration procedure, based upon experimental evidence previously 
described (2-4), has been developed as a substitute. It has been found 
possible to estimate as little as 0.05 mg. of citric acid with an accuracy of 
+5 per cent, and the new procedure may be applied equally as well as the 
old to the analysis of trichloroacetic acid filtrates obtained from animal 
tissues and to the organic acid fractions prepared from plant tissues. 

Reagents— 

Sulfuric acid, 18 n. A mixture of equal volumes of concentrated acid 
and water. 

Potassium permanganate, 1.5 N. 47.4 gm. in 1000 ml. of solution. 

Potassium bromide, 1.0 mM. 11.9 gm. in 100 ml. of solution. 
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Sodium sulfide, 4 per cent. 4 gm. of crystalline sodium sulfide in 100 
ml. of solution, prepared fresh every 2 to 3 days. 

Petroleum ether. B.p. 35-50°. 

Hydrogen peroxide. Commercial 3 per cent solution. 

Hydrogen peroxide (halogen-free). 16 to 18 ml. of 18 Nn sulfuric acid 
are poured slowly into 100 ml. of water; the mixture is cooled to 5°, and 
about 10 gm. of fresh solid sodium peroxide are added slowly so that the 
temperature does not rise above 30°. The final solution, which should be 
acid to Congo red paper, is cooled to 5° and the supernatant fluid is de- 
canted or centrifuged from the precipitated sodium sulfate. The solution 
contains from 2.5 to 3.5 per cont of hydrogen peroxide. 


TaBie I 
Recovery of Citric Acid by Colorimetric Method and by Titration Method 





Citric acid found 














Citric acid present | Colorimetric method | 
—- — Titration method 
Old ratio* New ratiot 
me. meg. meg. meg. 
0.128 0.095 0.130 0.124 
0.128 0.101 0.139 0.130 
0.128 0.097 0.132 0.128 


| 





* Mg. of citric acid = E X 0.920; from calibration curve obtained with earlier lots 


of petroleum ether. 
+ Mg. of citric acid = E X 1.26; from calibration curve obtained with recent lots 


of petroleum ether. 


Silver nitrate, 0.01302 nN. 2.2116 gm. of pure silver nitrate in 1000 ml. 
of solution. 1 ml. is equivalent to 0.500 mg. of citric acid or to 1.866 mg. 
of silver chloride. The exact normality is checked by a gravimetric chloride 
determination in 100 ml. aliquots. 

Ammonium thiocyanate, 0.01302 n. 0.99 gm. in 1000 ml. of solution. 

Ferric ammonium sulfate. 30 gm. dissolved with 100 ml. of water. 

Sodium sulfate. 20 per cent solution of a halogen-free reagent. 


Method 


Filtrates suitable for the determination of the citric acid content of 
biological material may be prepared according to the directions of Pucher, 
Sherman, and Vickery (1); suitable aliquots are transferred to 100 ml. 
beakers. To each aliquot 3 ml.of 18 n sulfuric acid are added and the solu- 
tion is boiled for 5 minutes or until a volume of about 35 ml. is attained. 
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The solutions are cooled to 20-25° and the citric acid is oxidized by the 
addition of 2 ml. of 1 m potassium bromide and 5 ml. of 1.5 N potassium 
permanganate. The solution is allowed to stand at room temperature for 
10 minutes and is then cooled in an ice bath to 10° or lower and decolorized 
by the dropwise addition of 3 per cent hydrogen peroxide. 

The oxidation mixture is transferred to a short stem (2 to 2.5 em.), 125 
ml. pear-shaped separatory funnel previously cleaned with chromic-sulfuric 
acid, each beaker being carefully rinsed into the corresponding funnel with 
25 ml. of petroleum ether used in small portions. The funnel is shaken 
vigorously for about 30 seconds and the aqueous layer is drawn off into the 
original beaker. The ether is transferred to a second short stem separatory 
funnel. The aqueous solution is shaken again with 20 ml. of petroleum 
ether and then discarded. The second ether extract is added to the first 
and, after a settling period of at least 1 minute, the small aqueous layer is 
drawn off and the end of the funnel is wiped dry. The ether extract is 
washed four times with 3 to 4 ml. quantities of water to remove traces of 
inorganic halide. A settling period of at least 1 minute is allowed after 
each washing, and the ends of the separatory funnels must be wiped dry 
after each operation. The pentabromoacetone is decomposed by shaking 
the petroleum ether solution successively with 3 ml. and with 1 ml. por- 
tions of 4 per cent sodium sulfide solution, and then with 2 ml. portions of 
water until no further color is observed in the wash solution. One washing 
is usually sufficient. The extracts are successively drained into a 25 ml. 
Erlenmeyer flask and, when extraction is complete, 0.5 ml. of 6.0 n sulfurie 
acid is added and the solution is boiled for 1 to 2 minutes to expel hydrogen 
sulfide. The addition of small angular quartz boiling stones greatly facili- 
tates this step. The solution is cooled to 15° or below and, when con- 
venient, 0.5 ml. of 1.5 N potassium permanganate is added in order to 
oxidize substances which interfere with the subsequent titration of the 
bromide. The solution is stirred for about 10 seconds and decolorized by 
the rapid addition of halogen-free hydrogen peroxide; 1 ml. of concen- 
trated nitric acid, 1 ml. of 30 per cent ferric ammonium sulfate, 1 ml. of 20 
per cent sodium sulfate, and, from an accurate pipette, exactly 2 ml. of 
the standard silver nitrate solution are then successively added. After 5 
minutes, the solution is titrated with the ammonium thiocyanate solution 
delivered from a micro burette. As the end-point is approached, the flasks 
are shaken vigorously for 10 to 20 seconds and the titration is then com- 
pleted to the first salmon-pink color. The maximum difference between 
duplicate determinations should not be greater than 0.02 ml. 

The result is calculated from the equation 


Mg. citric acid = 1.166 [0.500 (ml. AgNO; minus ml. NH,NCS) — 0.020] 
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DISCUSSION 


The success of the procedure depends upon careful attention to details 
of technique. Thorough washing to insure the removal of traces of inor- 


Taste II 


Recovery of Citric Acid by Titration Method 











Citric acid present ! Citric acid found* Actual recovery Corrected recoveryt 

mg. mg. per ceni per cent 
0.051 0.042 | 86.27 100.6 
0.128 0.110 85.93 100.2 
0.256 0.220 85.93 100.2 
1.28 1.077 84.16 98.1 
1.92 1.622 $4.48 98.5 
3.20 2.739 85.61 99.8 








* Corrected for reagent blank. 
+ Corrected by the empirical factor 1.166. 


Tasie III 


Citric Acid Content of Dry, Fat-Free Chicken Tibias by Colorimetric and Titration 


Method; Duplicate Analyses by Titration Method 








Sample No.* Colorimetric methodt Titration method} 
per cent per cent 
335 0.530 0.472 
369 0.700 | 0.688 
466 0.746 0.780 
473 0.726 0.720 
474 0.716 0.688 
495 0.726 0.730 
642 0.600 0.626 
675 0.500 0.502 
676 0.650 0.628 
947 0.416 | 0.414 
811 1.00 
| 1.01 
$12 1.07 
| 1.05 
$15 0.720 
0.740 
$21 | 0.704 
0.694 








———e 





* 50 mg. of each sample were taken for analysis. 


+ These values were obtained before the change in the calibration curve had been 


encountered. 


t The same samples subsequently analyzed by the titration method. 
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ganic halides from the petroleum ether solution of the pentabromoacetone 
is of the utmost importance. The range of the method is from 0.05 to 1.0 
mg. of citric acid. If more than the larger amount is present in the aliquot 
taken, it is only necessary to add more standard silver nitrate solution, 
either before or even after the addition of the first drop of ammonium thio- 
cyanate solution, and then to continue the titration to the end-point. 

The equation for the calculation of the citric acid values includes two 
experimentally determined empirical quantities. A blank determination 
is carried out in which water is used instead of a citric acid solution. The 
blank requires from 0.03 to 0.05 ml. of 0.01302 n silver nitrate and is equiva- 
lent on the average to 0.020 + 0.005 mg. of citric acid, which quantity is 
accordingly subtracted. In addition, as was pointed out by Pucher, 
Vickery, and Leavenworth (2), the theoretical citric acid equivalent of the 
standard silver nitrate used must be multiplied by an empirical factor to 
obtain the actual citric acid content of the samples. This factor, calculated 
from the results of twenty-five recent analyses of samples which contained 
from 0.051 to 3.20 mg. of citric acid, was found to be 1.166 + 0.023. This 
figure agrees moderately well with the factor of 1.13 found when the original 
method was developed (1). 

In Table II are recorded representative data which show recoveries of 
known amounts of citric acid. Table III shows a comparison of results by 
the titration method with the earlier colorimetric method, as applied to the 
determination of citric acid in chicken tibias, as well as a series of duplicate 
determinations to illustrate the precision that can be obtained. These 
data indicate that satisfactory values for citric acid can be obtained over a 
wide range by the microtitration technique and that the results agree well 
with those obtained by the earlier colorimetric procedure. 


SUMMARY 


A microtitration method has been developed for the estimation of small 
amounts of citric acid, which is recommended as a substitute for the earlier 
colorimetric method of Pucher, Sherman, and Vickery (1). The new pro- 
cedure is independent of those factors which necessitate a frequent checking 
of the calibration curve used in the colorimetric procedure. 
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A RAPID METHOD FOR ESTIMATING SERUM PROTEINS 


FORMULA FOR CALCULATING SERUM PROTEIN CONCENTRATION 
FROM THE REFRACTIVE INDEX OF SERUM 


By F. WILLIAM SUNDERMAN 


(From the William Pepper Laboratory of Clinical Medicine, University of Pennsylvania, 
Philadelphia) 


(Received for publication, December 13, 1943) 


The importance of having available a rapid method for estimating the 
concentration of serum proteins in emergency situations has long been 
recognized. Such information would help in selecting patients that re- 
quire replacement therapy and in determining the type of replacement 
therapy required. Rapid methods for measuring the hemoglobin concen- 
tration in blood have been adequate; however, speedy methods for measur- 
ing the serum proteins, such as the falling drop method, have not proved 
to be entirely adapted to our needs. Estimation of protein concentration 
from the refractive index of the serum is rapid, easy to perform, and eco- 
nomical of material, requiring only 1 drop of serum; no reagents are re- 
quired but the use of a refractometer is necessary. 

The principle of measuring serum proteins refractometrically is an old 
one, having been introduced by Strubell in 1900 (1) and systematically 
studied by Reiss (2), Robertson (3), Schorer (4), and others. References 
to the early studies in this field are included in an article published by Reiss 
in 1913 (5). Reiss’ method in brief consisted in measuring the difference 
between the refractivity of serum and water at 17.5°, subtracting a con- 
stant for the non-protein components, and dividing the remainder by the 
change in refractivity produced by a 1 per cent protein solution.' Later, 
Robertson (6) reported different protein and non-protein constants than 
those obtained by Reiss and showed that the refractive index of serum 
albumin is less than that of serum globulin. Schorer (4), Robertson, and 
others concluded that the method of estimating serum protein by Reiss’ 
formula yielded erroneous results in pathological sera. This led to the 
elaboration of a more time-consuming method by which Robertson (7) 
estimated the albumin, globulin, and non-protein constituents separately. 


1 Reiss’ formula may be expressed as follows: 


R, mR a R, - 0.00277 


des 0.00172 





Pr = serum protein, gm. per 100 ml.; R, = refractive index of serum; R, = refractive 
index of water; 0.00277 = arbitrary correction for salts and non-electrolytes in serum; 
0.00172 = Reiss’ figure for the refractive index of a 1 per cent protein solution. 
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The refractometric method for estimating serum proteins in the past had 
some clinical usage until it was shown by various investigators, including 
Linder, Lundsgaard, and Van Slyke (8) and Guillaumin, Wahl, and Lau- 
rencin (9), that the values obtained by the refractometer were higher than 
those obtained by standard chemical methods. As a consequence, the 
refractometric method has not been employed to any great extent in 
recent years. 
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Fie. 1. Refractometer values plotted against serum protein. The equation for 
the statistically calculated regression line is Pr = 510 R. Laie. — 1.81. The point 
indicated by the arrow represents a specimen with a high concentration of bilirubin. 


The measurements of Linder, Lundsgaard, and Van Slyke were made on 
plasma and, although not stated, presumably Reiss’ formula was used in 
computing the values. Refractometric deviations from results obtained 
by the Kjeldahl method were found to be as great as 1.5 gm. per 100 ml. 
in normal plasma (10). On the other hand, by changing the constants in 
Reiss’ formula, Neuhausen and Rioch (11) obtained a reasonably good 
agreement between their values and those obtained with the Kjeldahl 
method. Sunderman, Austin, and Camac (12) observed a fair correlation 
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between the proteins estimated refractometrically and the dry weight as 
well as the specific gravity of the serum. 

Since refractometric measurements offer the advantages of speed and 
simplicity, it occurred to us that the correlation between the refractivity 
and protein concentration of serum might be reinvestigated. Accord- 
ingly, simultaneous measurements were made of the refractivities and pro- 
tein concentrations of sera obtained from 112 patients suffering from 
miscellaneous pathological conditions. The refractivity measurements 
were made by means of an Abbe refractometer; the protein measurements 
were made by the Kingsley method (13) checked daily with serum analyzed 
by the Pregl method (14) for nitrogen. The results of these measurements 
are plotted and shown in Fig. 1. 


Method 


The refractivity measurements are made by placing 1 drop of serum in 
the chamber of an Abbe refractometer and reading the refractive index. 
From this value is subtracted the refractive index of water at the same 
temperature. The values of the refractive index of water may either be 
measured directly or may be obtained for any given temperature from 
prepared refractivity tables (15). For purposes of this measurement it is 
sufficiently accurate to calculate the refractive index of water at room 
temperature by the following formula. 


(t) 
R. I. HO = 1.3332 — [0.0001(t) — 0.0018) 

If distilled water is not available for direct measurement, tap water may 
be employed without introduction of any appreciable error. 

When the differences in the refractive index of serum and water are 
plotted against the serum protein concentrations, it will be seen (Fig. 1) 
that an excellent linear correlation is obtained. The statistically calcu- 
lated regression line derived from this correlation may be expressed by the 


equation 
Pr = 510 R. Laie, — 1.81 
(Pr = gm. of protein per 100 ml.; R. Iai. = the refractive index of serum 


minus the refractive index of water.) The standard deviation for this 
regression line is equal to 0.31 gm. per 100 ml. 


DISCUSSION 


Greatly increased amounts of bilirubin or fats in serum might possibly 
alter the refractometric values in relation to concentrations of protein. 
No systematic study has been made of such possible deviations. In sev- 
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eral of the specimens in our series the concentrations of non-electrolytes 
such as cholesterol, urea, and sugar were elevated and one specimen shown 
on Fig. 1 contained a high concentration of bilirubin. In these specimens 
the agreement of the calculated with the found values was not significantly 
affected. This method is recommended especially for use in traumatic 
shock, and in such cases large amounts of fats or bile pigments will seldom 
be found. 

As a method for quick clinical guidance we find from our data that pro- 
tein values less than 5 gm. per 100 ml. are rare unless the refractive dif- 
ferences at room temperature are less than 0.0141; protein values greater 
than 7 gm. per 100 ml. are rare unless the differences are greater than 
0.01702 

SUMMARY 


A formula is presented for calculating the concentration of serum pro- 
tein from refractivity measurements. The method is economical in time, 
easy of manipulation, requires no reagents, and is useful in guiding therapy 
in cases of shock. 
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* Most of these analytical measurements were made by Miss Margaret Scully. 
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GLUTATHIONE AS AN ESSENTIAL GROWTH FACTOR FOR 
CERTAIN STRAINS OF NEISSERIA GONORRHOEAE* 


By R. GORDON GOULD 


(From the Department of Bacteriology and Immunology, Harvard Medical School 
and School of Public Health, Boston) 


(Received for publication, October 18, 1943) 


Although the gonococcus has often been described as being “fastidious” 
in its nutritional requirements, little has been reported on specific growth 
factors. Lankford and Snell (1) have recently found that 10 to 15 per cent 
of their strains require glutamine for primary isolation. Such strains, they 
state, readily produce “normal mutants’ on subculture, which no longer 
require glutamine. 

Several reports have appeared on the effect of cystine, some workers 
(2,3) stating that it was inhibitory and others (4) that it stimulated growth. 
Boor found that stock strains required cystine when grown on an enzymati- 
eally digested casein medium and that optimum growth was obtained at a 
cystine concentration of between 0.025 and 0.075 per cent. He regards 
this as only a type requirement, since certain other sulfur compounds in- 
cluding barium sulfide and even sulfur itself were capable of replacing 
cystine. Because of the high optimum level he suggests that the function 
of cystine is ‘evidently something more than as a ‘building stone’.”” Me- 
Leod had earlier observed that cystine was inhibitory in high concentrations 
but was sometimes stimulatory in low concentrations. His experiments 
emphasized the differences between strains and also the importance of other 
constituents of the medium, particularly the colloids, as determining 
whether any amino acid would stimulate or inhibit growth. 

The protein-free medium of Mueller and Hinton (5) has been used as 
the basis for an investigation of the growth factors for the gonococcus. 
This medium, which gives excellent growth of both freshly isolated and 
stock strains, consists of meat infusion, starch, acid hydrolysate of casein, 
and agar. It has been found! that freshly isolated strains will grow if the 
meat infusion is replaced by a mixture of glucose, sodium and potassium 
phosphates, and a magnesium salt, although the growth is not so vigorous. 


*The work represented in this paper was carried out in part under a contract, 
recommended by the Committee on Medical Research, between the Office of Scienti- 
fic Research and Development and the President and Fellows of Harvard College and 
was aided by grants from the Commonwealth Fund and the United States Public 
Health Service. 

‘Gould, R. G., Kane, L. W., and Mueller, J. H., J. Bact., in press. 
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The meat infusion thus contains a factor (or a group of factors) which 
stimulates the growth of these strains but none that is essential. 

However, it has been observed that certain stock strains failed entirely 
to grow in the absence of meat infusion and later several strains, which 
grew without meat infusion when freshly isolated, were observed to change 
after some weeks of daily subculturing on the Mueller-Hinton medium to 
variants which were subsequently completely dependent on the presence 
of meat infusion. 

An investigation of the nature of the factor necessary for the growth of 
these exacting strains is the subject of the present communication. 


Method of Assay 


Cultures were transferred daily on slants of the Mueller-Hinton medium 
and the experimental plates were streaked in such a way that well isolated 
colonies were formed. After 40 hours incubation in a candle jar the 
diameters of five or more typical, well isolated colonies were measured by 
means of a low power microscope with a micrometer eyepiece. The size 
of an individual colony was found to be strictly proportional to the time 
of incubation during the period between 15 and 40 hours of incubation. 

The variation in the size of such colonies on any one plate was found to 
be less than +10 per cent, and the average values obtained for the same 
strain on the same medium in different experiments were ordinarily repro- 
ducible within +10 per cent. Different strains varied considerably in the 
colony size, but any one strain was found to give essentially constant results 
over long periods of time. The main sources of error in this method of 
assay, exclusive of the sudden change in growth requirements mentioned 
above, were a “crowding” effect due to large colonies or too heavy inocula- 
tion, and incomplete mixing of the medium. 

The basal medium consisted of the following constituents. 


Casamino acids (Difco)*..... 1.50 gm Na:HPQ,........... 0.28 gm 
Starch epee cebdecceoseoescesece 0.15..“ MgS0O,.7H,0 bectéece 0.045 ‘“ 
Glucose.............. peso Bi vii nne bane 17 “ 
DT. ccacdagnasedcuncs Genet Water to make..... 100 ee. 


* This amount supplied about 0.7 gm. of amino acids and 0.6 gm. of NaCl. 


The pH was adjusted to 7.4 to 7.6 and the medium autoclaved for 5 
minutes at 10 pounds in 20 cc. amounts. One loopful of a 24 hour stareh- 
agar culture was suspended in 0.5 cc. of saline and the plates were streaked 
with one loopful of this suspension. Most of the inoculum was spread 
over a small area at the top of the plate; some confluent growth was always 
obtained on this area except in the presence of strong inhibitory agents. 
The criterion of growth was the development of isolated colonies on the 
rest of the plate, particularly on the lower half. 
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The growth-promoting activity of a given concentration of any substance 
added to the basal medium may be expressed as the average colony diameter 
obtained with a given strain at 40 hours incubation. For example, Strain 
1 gave no isolated colonies on the basal medium, and on the same medium 
with the addition of 25 cc. of “double strength” meat infusion per 100 cc., 
a series of over 60 determinations extending over a period of several months 
gave an average colony size of 2.3 + 0.5mm. The large variation in this 
case is due to the crowding effect of such large colonies. 

Isolation of Essential Factor—Since beef heart and meat infusions proved 
to be poor starting materials for the isolation of the essential growth factor, 
a search was made for a better source. Yeast infusion was found to give 
almost as large colonies as did meat infusion, and horse red blood cell 
extract supported growth but the colonies never exceeded 1.0 mm. in size 
no matter how high the concentration of red cell extract. Assay curves 
for beef heart infusion, yeast infusion, and red cell extract are shown in 
Fig. 1. The curve for red cell extract has the form expected for the assay 
of a single factor, but with the other two the colony size increases with 
increasing concentrations at least up to 25 cc. per 100 cc. of medium (about 
1.0 gm. of solids in each case), and possibly beyond. This indication of 
the presence of additional growth factors in beef heart and yeast was also 
borne out by the fact that highly active preparations from these sources 
gave smaller colonies than the original materials did, and the most active 
preparations gave approximately the same size colonies as did the red 
cell extract. 

Highly active preparations were obtained from all three sources by chem- 
ical fractionation methods. The best yeast and red blood cell preparations 
were about equally active and the beef heart preparation somewhat less so. 
The chemical properties of all three were similar. The peptide nature of 
the active factor was shown by (1) complete destruction of the activity by 
acid hydrolysis, and by deamination with nitrous acid, and (2) by all the 
other evidence including the presence of free acid and basic groups, electro- 
metric titration curves, and amino nitrogen values. A “carboxyl nitrogen” 
determination by the ninhydrin method (6) of the yeast preparation gave 
a value of 31 per cent of the total nitrogen as carboxyl nitrogen. In general, 
peptides give no carboxyl nitrogen with the exception of glutathione, which 
Van Slyke found to give a value of 33.3 per cent. This indicated the active 
factor to be glutathione and it was then found that both natural and 
synthetic glutathione completely replaced the essential growth factor. As 
is evident in Fig. 1, glutathione duplicates the effect of the red blood cell 
extract but does not give nearly as large colonies as beef heart or yeast 
infusions, thus confirming the presence of additional stimulatory factors 
in meat and yeast infusions. Analysis for total glutathione by the titration 
method of Woodward and Fry (7) showed the most active yeast and red 
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blood cell preparations to consist of about 80 per cent of glutathione, and 
this substance was actually isolated from a yeast preparation The assay 
values are also in agreement with the analytical figures, since the yeast 
and red blood cell preparations were only slightly less active than pure 
glutathione. There is thus no doubt that the essential growth factor for 
these exacting strains present in all three sources is glutathione. 

The methods of purification need not be given in detail, since glutathione 
can be readily and quickly isolated from yeast by the method of Hopkins 
(8) as modified by Schroeder et al. (9). They are briefly summarized 
below. 


Beef heart infusion __ cal 


———— 


DE en 


— 


—_—-_—— 


Yeast infusion 

















ho Glutathione 
= 2 
Red cell extract 
°o > i) ir ae > ae 


Fic. 1. Assay curves for growth factors present in various preparations. The 
abscissa readings for the beef heart infusion, the yeast infusion, and the red blood 
cell extract are given in cc. per 100 cc. of medium; the glutathione, in mg. per 100 ce. 
of medium. 


Beef Heart Infusion—(a) The infusion was treated with excess lead 
acetate and basic lead acetate solutions. The precipitate, after removal of 
the lead with H,S and of acetic acid by concentration to dryness in vacuo, 
contained almost all of the original activity in the essential factor. (b) 
This material was then precipitated by excess mercuric acetate solution and 
the precipitate worked up in the same way as the lead precipitate. (c) 
Cold saturated Ba(OH), was added to this solution until alkaline to 
phenolphthalein and the precipitate centrifuged and washed. This pre- 
cipitate was completely inactive. The supernatant and washings were 
combined and treated with 4 volumes of alcohol, and the precipitate which 
formed was centrifuged and extracted with several small portions of water. 
The extracts, which contained the essential factor, were combined and all 
the Ba removed with a slight excess of H,SO,. (d) This solution was then 
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treated with excess saturated alcoholic HgCl, and the precipitate worked 
up as for the Pb precipitate, except that the residue obtained was extracted 
with alcohol, which in the presence of the HC! left in the residue dissolved 
almost all of the essential factor. This material, which was probably as 
active as any of the other preparations from beef heart or meat, was used 
for the analysis given below. Almost 0.13 gm. was obtained from 2 liters 
of double strength meat infusion, representing about 2 kilos of meat. 

Yeast—Yeast infusion was made by heating pressed bakers’ yeast with 
an equal weight of 1 per cent acetic acid at 85-90° for 15 minutes and 
filtering through kieselguhr. 

The infusion was fractionally precipitated with three or four portions of 
mercuric acetate solution. The first precipitate usually contained most of 
the active material. This fraction was then precipitated with Ba(OH), as 
described for meat infusion. About 4.75 gm. were obtained from 5 kilos 
of yeast. 

Further purification was obtained by precipitation with a large excess of 
AgNO; solution. After removal of Ag by treatment with H.S and HCl 
the solution was concentrated to dryness in vacuo and the product used for 
assay and for glutathione analysis by titration. 

Horse Red Blood Cells—After thorough washing with saline, the horse red 
blood cells were cytolyzed and the proteins precipitated with acetone, and 
the acetone filtrate concentrated in vacuo as described by Warburg for the 
preparation of coenzyme II (10). This solution is the red blood cell extract 
mentioned above. 

The solution was fractionally precipitated with mercuric acetate. Most 
of the activity was usually found to be in the third of the five fractions 
precipitated. 

The most active fraction, after removal of Hg with HS, was concen- 
trated to a small volume and precipitated with 4 volumes of acetone. 
The precipitate was rejected and the filtrate was concentrated to dryness 
in vacuo and the residue extracted with methyl alcohol. The filtered ex- 
tract was treated with about 2 volumes of acetone and the precipitate re- 
jected. The filtrates from several batches were combined at this stage 
and taken to dryness. The residue was extracted with ethyl alcohol and 
filtered and the filtrate evaporated to dryness. This material was then 
treated with Ba(OH)2, as described for yeast infusion. The resulting solu- 
tion was used for the assay curves and analysis. A total of 290 mg. was 
obtained from about 3 liters of red blood cells. 

The analytical results and assay values for the best preparations from all 
three sources and for pure glutathione are given in Table I. Although the 
theoretical amino nitrogen value for pure glutathione is 33 per cent, the 
actual value obtained is over 50 per cent (8). 
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It was found that some destruction of glutathione occurred during auto- 
claving. The minimum concentration that gave maximum colony size 
was 1.0 mg. per cent if added before autoclaving and 0.6 mg. per cent if 
added after, but, except where otherwise noted, all materials were added 
before autoclaving. 

Glutathione is active in both the oxidized and reduced forms but its 
activity is completely destroyed by acid hydrolysis and by deamination. 
Cystine and cysteine not only will not replace it but are inhibitory to these 
strains, the amount required to inhibit growth being proportional to the 
amount of glutathione present. Approximately 3 molecules of cysteine 
will suppress the activity of 1 of glutathione. Since the casein hydrolysate 
contains some cystine (about 1.5 mg. in 100 cc. of medium), it appears 
probable that the glutathione requirement would be even smaller with a 
cystine-free medium. 


TasLe I 
Assay Values for Preparations Studied 

















j | ae . | 
Preperation = | TH! | amino | atg| Minimum concentration for | Ta 
| per cent | | 
| per cent per cent of total N of - mg. per cent - 
j = | 
Glutathione....... | 13.7 33 (Calculated) 33.3 | 1.0 | 100 
50 (Found) | 
Beef heart infusion.| 12.5 (5.0?) 
Yeast infusion. .. 13.5*| 65° 31* | 1.25 | 80 
Red blood cell ex- | 
tract.............| 12.8 75 | 1.10 (Estimated) | 8% 











* These values were obtained on material before the last step in the purification. 


Of a large number of substances tested for their ability to replace this 
peptide, only two have been found to have any activity whatsoever. 
Asparthione,’ the aspartic acid analogue of glutathione, had some growth- 
promoting effect, although it did not give as good growth as glutathione. 
Isoglutathione, in which the glutamic acid is bound to cysteine through its 
a- rather than its y-carboxyl group, appeared to have a very slight activity. 
Cystinyldiglycine was inhibitory and no other cysteine peptides have as 
yet been tested. In this connection it is of interest to note that Behrens 
(11) has recently reported that asparthione and isoglutathione have 
glyoxalase coenzyme activity, although asparthione is less active and iso- 
glutathione very much less active than glutathione. 

The principal function that has been suggested for glutathione is that of 


* We wish to express our thanks to Dr. Vincent du Vigneaud for generously supply- 
ing us with the samples of synthetic glutathione, asparthione, isoglutathione, and 
cystinyldiglycine used in this study. 
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the coenzyme of glyoxalase and the above evidence suggests that it may be 
acting in that capacity in the growth of these gonococcus strains. 

Strains—A total of six glutathione-dependent strains have been encoun- 
tered. Two of them were stock strains from this laboratory, one was a 
stock strain sent to us by Dr. C. Philip Miller, and the other three strains 
were originally not dependent on glutathione when freshly isolated but 
changed after some weeks of daily subculturing in the laboratory. Two 
of the stock strains and one which has changed were studied in detail and 
assay curves for two of these strains are given in Fig. 2. In this case a 
sterile glutathione solution was added to the medium. after autoclaving. 
Both strains gave a maximum colony size, at a glutathione cgncentration 
of 0.6 mg. per 100 ec. of medium, within the experimental error. 
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Fic. 2. Assay curves for two glutathione-dependent strains 





DISCUSSION 


No freshly isolated strains have been found to be dependent on gluta- 
thione; so it seems probable that this characteristic is an adaptation to 
continued subculturing on a medium rich in glutathione. The evidence 
indicates that most if not all gonococcus strains will change to a gluta- 
thione-dependent variant, although the time required may be a matter 
of chance and vary considerably. The strain which has been studied in 
the most detail in this regard, Strain 8, changed suddenly and completely 
but other strains have been encountered which showed a partial dependence 
on glutathione. They were in general capable of growth with the formation 
of very small colonies on the basal medium and were greatly stimulated by 
the addition of glutathione. Cystine (or cysteine) alone did not stimulate 
their growth but, when added to glutathione, the inhibition of growth was 
not as marked as with strains completely dependent on glutathioné. Their 
behavior suggested that they were still capable of synthesizing glutathione 
but not at a sufficiently rapid rate for optimum growth. The glutathione- 
dependent variant is denoted as Strain 8a. 








150 GLUTATHIONE AS GROWTH FACTOR 


The inhibition of these strains by cystine appears similar to the inhibition 
of the growth of bacteria requiring p-aminobenzoic acid by sulfanilamide, 
Since these strains are unable to synthesize glutathione from cysteine, the 
presence of the latter may cause blocking of some essential metabolic 
process by competition with glutathione. However, as the gonococcus is 
inhibited by a great variety of substances, this explanation is only in the 
nature of a speculation. 

Preliminary experiments indicate that the ability to grow without gluta- 
thione may be regained by a strain which has lost this ability. One strain, 
No. 8, previously discussed, which suddenly lost the ability to grow without 
glutathione .when streaked out from a saline suspension by the standard 
technique, was subcultured on such a medium by the use of a very heavy 
inoculum. After several weeks of daily subculturing it was found that it 
gave the same size colonies without glutathione as when freshly isolated. 
These changes are as follows: 


Medium used for Growth on basal medium 
daily subcultures (no glutathione) 
Jan. 29-Apr. 6........ Meat infusion Jan. 29-Mar.4 1.5 mm. 
Mar. 4-4pr. 6 No growth 
Apr. 6-May 28........ Basal medium May 28 About 1.5 mm. 
SUMMARY 


1. The factor present in meat infusion, yeast infusion, and red blood cell 
extract which is essential for the growth of certain stock strains of gono- 
coecus has been shown to be glutathione. 

2. A quantitative method of assay of growth factors has been developed 
for use on solid media, based on determination of the average colony size 
under standard conditions. 

3. Freshly isolated strains have been found not to require glutathione 
but they show a tendency to develop a dependence on glutathione after 
some weeks of subculturing on a medium containing meat infusion. 
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THE INFLUENCE OF GOITROGENIC SUBSTANCES ON THE 
CONVERSION IN VITRO OF INORGANIC IODIDE TO THY- 
ROXINE AND DIITODOTYROSINE BY THYROID TISSUE WITH 
RADIOACTIVE IODINE AS INDICATOR* 


By A. L. FRANKLIN, I. L. CHAIKOFF, ann S. R. LERNER 
(From the Division of Physiology, University of California Medical School, Berkeley) 


(Received for publication, December 23, 1943) 


It has long been known that the continued feeding of diets rich in certain 
plant materials causes hypertrophy and hyperplasia of the thyroid gland. 
The production of goiters in rabbits fed a diet high in cabbage leaves was 
first observed by Chesney and coworkers (1-3) and confirmed by Marine 
etal. (4). In 1936 Hercus and Purves reported that the feeding of Brassica 
seeds led to thyroid hyperplasia in rats (5); this effect has been extensively 

estudied by Kennedy, Griesbach, and Purves (6-8). In attempting to 
determine the causative factor in such seeds, Kennedy found that thyroid 
glands of rats that had received allylthiourea were markedly hypertrophied 
and hyperplastic (9). A similar change in the thyroid glands of rats fed 
phenylthiourea has been observed by Richter and Clisby (10). A detailed 
study of the goitrogenic activity of thiourea and its derivatives has been 
made recently by MacKenzie and MacKenzie (11) and by Astwood et al. 
(12, 13). 

Among the other substances reported to cause hypertrophy and hyper- 
plasia of the gland are the cyanides, thiocyanate, and the sulfonamides. 
The effects of the first of these have been observed by Marine et al. (14). 
The goitrogenic properties of thiocyanate have been repeatedly observed 
in patients who received this compound for treatment of hypertension (15). 
An extensive investigation of the goitrogenic action of these compounds has 
been made by MacKenzie and MacKenzie (11) and Astwood et al. (12, 13). 

The hypertrophy and hyperplasia of the thyroid gland produced by these 
substances are not due to a direct stimulation of thyroid tissue; since their 
goitrogenic effects are not observed in the hypophysectomized animal, en- 
largement of the gland in the intact animal is believed to occur in response 
to increased thyrotropic hormone activity. This indirect mechanism for 
the enlargement of the gland was first established for Brassica seeds by 
Griesbach et al. (7, 8) and later shown to be true for the sulfonamides and 
thioureas by MacKenzie and MacKenzie (11) and Astwood e? al. (12). 
The latter (12) also found that the feeding of thiourea depressed the oxygen 
consumption of the intact animal but did not interfere with the calorigenic 


* Aided by grants from the Commonwealth Fund and the Committee for Research 
in Endocrinology of the National Research Council. 


151 








152 CONVERSION OF INORGANIC IODIDE 


action of administered thyroxine or desiccated thyroid; they therefore 
concluded that thiourea and related compounds depress the production of 
the thyroid hormone. These observations have led to the introduction 
recently of thiourea and thiouracil in the treatment of hyperthyroidism (16). 

The development of an in vitro reaction for measuring the conversion of 
radioactive inorganic iodide to thyroxine and diiodotyrosine by surviving 
thyroid tissue (17) provides a method for determining the action of these 
goitrogenic compounds. In respect to the sulfonamides, it was shown 
previously that at a concentration of 10-* m they interfere markedly with 
the conversion of inorganic iodide to thyroxine and diiodotyrosine but not 
appreciably with the iodine-concentrating capacity of the surviving thyroid 
slices (18,19). The present report deals with the action of methyl cyanide, 
thiourea, allylthiourea, thiouracil, thiocyanate, p-aminobenzoic acid, and 
p-aminophenylacetic acid. 


Results 
Formation of Radiothyroxine and Radiodiiodotyrosine e 


Thiourea, Thiouracil, and Allylthiourea—The effects of these three com- 
pounds are shown in Table I. Thiourea and thiouracil inhibited the con- 
version of the radioactive iodine of the Ringer’s solution to thyroxine and 
diiodotyrosine at a concentration as low as 10-*m. Allylthiourea depressed 
this conversion markedly even at a concentration of 10~* m (0.001 per cent 
solution). 

Methyl Cyanide—The effects of two concentrations of this organic cyanide 
are shown in Table II. No interference in the formation of radiothyroxine 
or radiodiiodotyrosine was observed when the Ringer’s solution contained 
0.04 per cent (10-* m) of this compound. It did not inhibit the formation 
of thyroxine and diiodotyrosine even at a concentration of 10— m.' 

Potassium Thiocyanate—A marked decrease in the amount of the radio- 
active iodine of the Ringer’s solution converted to thyroxine and diiodo- 
tyrosine was found when thiocyanate was present in the medium at con- 
centrations of 10-* and 10-* m (Table II). 

p-Aminobenzoic Acid and p-Aminophenylacetic Acid—The goitrogenic 
properties of these two compounds were demonstrated by Astwood (13). 
In keeping with this finding, Table II shows that their presence in the 
Ringer’s medium decreased the formation of radiothyroxine and radiodi- 
iodotyrosine. 


Penetration of Inorganic Iodide I into Thyroid Slices 


In the experiments of Tables I and II, the contents of the entire reaction 
flask (7.e. slices as well as the 3 cc. of medium) were analyzed for thyroxine 


1 Values for radiothyroxine and radiodiiodotyrosine obtained at this concentra- 
tion are not recorded in Table IT. 
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and diiodotyrosine. In the experiments of Tables III to V, the thyroid 
slices were separated from their medium and only the slices analyzed for 
either total [** or organic I" and inorganic I". In this way the effect 
of each goitrogenic compound on the iodine-concentrating capacity of 
thyroid tissue was determined. 


Taste I 
Effect of Thiourea, Thiouracil, and Allylthiourea on Formation of Radiothyrozine and 
Radiodiiodotyrosine by Surviving Sheep Thyroid Slices 
300 mg. of slices were incubated for 2 hours at 38° in a bicarbonate-Ringer’s 
medium containing inorganic iodide, I. No I'*? was added.* 











| Radioactive iodine of Ringer’s 
Experiment No. Compound added Concentration | Canaan SEPETEES eB 
° Thyroxine Diiodotyrosine 

uM per cent per cent 

1 None Control 9.6 35.3 
" “3 10.6 37.6 

Thiourea 10°? 0.2 2.1 

a 107? 0.2 1.9 

- 10-3 0.9 1.6 

- 10-3 0.8 2.4 

Allylthiourea 10-? 0.2 2.3 

o 107? 0.3 2.9 

= 10-3 0.3 2.4 

eS 10-* 0.3 2.8 

" 10-* 1.1 4.6 

“ 10-¢ 0.9 3.4 

2 None Control 8.8 73.3 
“ “ 8.8 64.6 

Thiourea 10-3 0.6 6.0 

= 10° 0.6 7.3 

Allylthiourea 10-3 0.3 9.9 

° 10-3 0.4 6.5 

Thiouracil 10-3 0.3 5.2 

“i 10-3 0.3 7.2 

















* The only I?’ contained in the reaction flask was that due to impurities in the 
reagent quality chemicals used in the preparation of the media. 


In the experiments of Table III, 300 mg. of thyroid slices were trans- 
ferred to a Ringer’s medium containing both the compound to be tested 
and the radioactive iodide and incubated at 38° for 2 hours. Up to this 
point the procedure was the same as in the experiments of Tables I and II. 
The slices were then removed and, in order to free the slices of I'** adhering 
to their surfaces, washed twice, each time for 20 seconds in 3 cc. of a non- 
radioactive Ringer’s solution. The slices were then analyzed for total I. 

Controls—In control experiments in which none of the goitrogenic sub- 
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stances were added to the Ringer’s medium, 90 per cent or more of the I 
that had been added to the Ringer’s medium was recovered in the thyroid 
slices after their incubation for 2 hours. These values should be contrasted 


TaBLe II 


Effect of Methyl Cyanide, Potassium Thiocyanate, p-Aminobenzoic Acid, and p-Amino- 
phenylacetic Acid on Formation of Radiothyrorine and Radiodiiodotyrosine by 


Surviving Sheep Thyroid Slices 


300 mg. of slices were incubated for 2 hours at 38° in a bicarbonate-Ringer’s 
medium containing inorganic iodide, ?*. No I*?? was added.* 














| Radioactive iodine 
| of Ringer’s solution recov- 
a Compound added Concentration ered as 
. Thyroxine | ee 
uw per cent per cent 
chs None Control | 9.6 | 35.3 , 
« . 10.6 37.6% 
Methyl cyanide 10-3 . 31.7 
“ wo? =| 11 34.1 
| “ “ 10-* 10.4 30.0 
-- * 10-2 11.3 | 37.6 
2 None Control | 8.8 | 73.3 
| e « | 8.8 | 64.6: 
Methyl! cyanide 10-3 8.2 | 68.4 
“ “ 0? | 81 | 74.1 
Potassium thiocyanate 10-3 | $3.5 30.6 
= os 10-3 0.8 | 10.6 
p-Aminobenzoic acid 10-3 10 | 5.8 
” og 10-3 0.8 | 6.2 
p-Aminophenylacetic acid 10-3 - a 5.5 
sy ” 107 Bian 7.5 
+e None Control 12.1. | 51.9 
| a“ a | 12.4 | 56.9 
Potassium thiocyanate 107? 0.8 16.0 
“ “ wo? | o9 | 148 
4 None Control | 5.8 49.2 
| " onde Mad. ee oe. 
. . 5.6 | 46.2 
p-Aminobenzoic acid 10-° | 0.9 4.3 
4, a 10-8 | 2.4 
4 ” 10-3 1.0 3.8 








*See the foot-note to Table I. 


with those obtained when 300 mg. of liver slices were incubated under 
identical conditions; as much as 10 per cent of the radioactive iodine of the 


Ringer’s solution was recovered in these slices (19). 


Thiourea—A concentration of thiourea that almost completely depressed 
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the formation of radiothyroxine and radiodiiodotyrosine had relatively 
little effect on the uptake of I'*' by the thyroid tissue. In Experiment 3 
(Table III) the recovery of I*' in the presence of 10-* m thiourea was about 
10 per cent less than in the controls; in Experiment 1 the 300 mg. of thyroid 
slices had accumulated approximately 80 per cent of the radioactive iodine 
of the Ringer’s solution in the presence of this concentration of thiourea. 


Taste III 
Effect of Goitrogenic Compounds on Accumulation of Inorganic Iodide I'* by Surviving 
Sheep Thyroid Slices 
300 mg. of slices were incubated for 2 hours at 38° in a bicarbonate-Ringer’s 
medium containing inorganic iodide, !@. No I"*? was added.* The slices were 
then separated from the medium and analyzed. . 








Rad ioactive iodine 
Experiment No. Compound added | Concentration Chee 9 
thyroid slices 
M per cent 
1 None Control 93 
“ “ 90 
Thiourea 10-* _— 
- 10-3 79 
Potassium thiocyanate 10-3 46 
- ” 10-3 55 
p-Aminobenzoic acid 107% 83 
Tt ‘“ 10-3 90 
2 None Control 88 
“ ac 85 
Thiouracil 10-3 79 
| “cc 107% 81 
3 | None Control 97 
“ ac“ QR 
Thiourea 10-3 90 - 
= 10-3 89 = 
p-Aminobenzoic acid 10-* 89 
‘ ‘“ 10-3 Se 
Potassium thiocyanate 10-3 50 
- ? 10-3 6l- 
“ce “cc 107-2 5 
“ rT) 10-2 8— 














* See the foot-note to Table I. 


Thiouracil—In the experiments of Table III, ‘‘tracer” amounts? of I" 
were added to the Ringer’s solution; the only I”? present in the reaction 
flask was that due to the impurities in the reagents used in the preparation 


* The saline solution containing the radioiodide (I'**) as prepared from the tel- 
lurium target contained an amount of iodine (s3I'*7 + 5;I'**) that was not detectable 
chemically. 
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of the Ringer’s medium. In the experiments of Table IV, 10 y of I?’ as KI 
were added to each 3 ce. of Ringer’s solution. Since the ratio of I to 2” 
(specific activity) in the medium was known, the recovery of I'* in the 
thyroid slices also is a measure of the amount of I'*’ of the Ringer’s solution 
that entered the thyroid slices. The micrograms of I'?’ that entered the 
thyroid slices during a 1 hour period of incubation are recorded in the last 
three columns of Table IV. 

A concentration of 10-* m thiouracil had little effect on the uptake of 
radioiodide by thyroid slices when tracer amounts of I were added to the 
incubation medium (Table ITI). 

Table IV shows in a most striking manner that, while depressing the 
formation of thyroxine and diiodotyrosine, thiouracil at a concentration of 


Taste IV 
Effect of Thiouracil on Accumulation of I" of Ringer’s Solution 
by Surviving Thyroid Slices 
300 mg. of slices were incubated for 1 hour at 38° in a bicarbonate-Ringer’s medium 
containing inorganic iodide, I", and 10 y of inorganic iodide, I’. The slices were 
then separated from their medium and analyzed. 





I'* of Ringer’s solution recovered I'27 of Ringer’s solution incorporated 








Compound atted in slices as into slices as 
| Organic* Inorganic Total Organic* Inorganic Total 
| per cent percent | percent | 7 7 7 
None | 26.4 | 56.2 | 926 | 2.64 5.62 8.26 
ee 22.9 50.0 | 72.9 2.29 5.00 7.29 
% 13.6 | 54.0 67.6 1.36 5.40 6.76 
10-* m thiouracil 2.4 | 75.5 77.9 0.24 7.55 7.79 
10-3 “* . 2.3 65.2 67.5 0.23 6.52 6.75 
me le 2.0 | 50.8 61.8 0.20 5.98 6.18 





* Refers to thyroxine-like and diiodotyrosine-like iodine (see the text). 


10-* m has no effect on the absolute amounts of I” removed from the 
Ringer’s medium by the thyroid slices. Thus 7 to 8 y of I’ were recovered 
in the thyroid slices when 10 y of I"? were added to the medium; of this, 
1.4 to 2.6 y were converted to thyroxine and diiodotyrosine. When 
thiouracil as well as 10 y of I’? were added to the Ringer’s medium, 6 to 8 y 
of I? entered the 300 mg. of thyroid slices; practically none of it, however, 
was converted to thyroxine and diiodotyrosine in 1 hour. 

p-Aminobenzoic Acid—The effect of this compound on the penetration 
of I was tested at a single concentration; namely, 10-*m. In Experiment 
1 (Table ITT) little difference in I uptake was observed whether or not the 
thyroid slices were treated with this compound. In Experiment 3, the 
uptake was depressed only about 10 per cent by p-aminobenzoic acid. 

Potassium Thiocyanate—An appreciable reduction in the uptake of I™ 
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was observed in the presence of 10-* m thiocyanate. At this concentration, 
however, considerable amounts of the I added to the Ringer’s medium 
were recovered in the thyroid slices after their incubation for 2 hours. 
Increasing the thiocyanate to 10-* m completely abolished the iodine- 
concentrating capacity of this tissue. The amounts of I" that entered 
the slices incubated in 10-* m thiocyanate were about the same as those 
found when liver was used (19). 

Although the conditions in which penetration was studied in the experi- 
ments of Table III were the same as those of the experiments of Tables I 


TABLE V 
Effect of Goitrogenic Compounds on Accumulation of Inorganic Iodide I™ by Surviving 
Thyroid Slices 

300 mg. of slices were first treated for 30 minutes at 38° in a non-radioactive bi- 
carbonate-Ringer’s medium containing one of the goitrogenic compounds; the slices 
were then removed and transferred to bicarbonate-Ringer’s medium containing the 
same goitrogenic compound and inorganic iodide, I", and incubated for 2 more hours 
at 38°. No I!” was added during the first or second incubation.* 











Radioactive iodine 
Experiment No. | Compound added Concentration pepe nh te 
slices 
| } M per ceni 
1 None Control 88 
“ec “ 92 
Thiouracil 10-3 77 
sé 10-3 82 
2 None Control 93 
| oe “ce 94 
Thiourea | 10-3 88 
tas | 10-* 91 
Potassium thiocyanate 10-* 39 
se “ 10-3 36 
p-Aminobenzoic acid 10-# 94 
| ‘“ “ 10-3 S4 





* See the foot-note to Table I. 


and II, in which the formation of thyroxine and diiodotyrosine was 
measured, it might be thought unjustified to conclude that thiourea, thi- 
ouracil, and p-aminobenzoic acid do not appreciably alter the iodine- 
concentrating capacity of thyroid slices, since the I'*' probably enters the 
slices faster than these three goitrogenic compounds. To investigate this 
possibility, experiments were carried out in which thyroid slices were pre- 
treated with these compounds before they were incubated with radioactive 
iodide. 

In the experiments of Table V, 300 mg. of thyroid slices were incubated 
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at 38° for 30 minutes in a non-radioactive Ringer’s solution containing 
either thiouracil or thiourea or potassium thiocyanate or p-aminobenzoie 
acid. After this preliminary incubation, the slices were carefully removed 
from the reaction flask, deposited for about 10 seconds on filter paper previ- 
ously moistened with Ringer’s solution, and then transferred to a flask in 
which the medium contained the radioactive iodide and the same concen- 
tration of the same goitrogenic compound to which the slices had already 
been exposed. The incubation of the slices was then continued for 2 hours. 
The results obtained in this type of penetration study did not differ from 
those recorded in Table III. Thiouracil, thiourea, and p-aminobenzoiec 
acid at a concentration of 10-* m had little effect on the uptake of I™, 
whereas this concentration of thiocyanate reduced the iodine-concentrating 
capacity of the thyroid slices to about half of that found in the controls, 


DISCUSSION 


It is shown here that thiourea, thiouracil, and allylthiourea inhibit the 
conversion of inorganic iodide of the Ringer’s solution to thyroxine and 
diiodotyrosine by surviving thyroid tissue. The extreme sensitivity of the 
reaction here involved to compounds of this type is well brought out in the 
case of allylthiourea; this substance markedly depressed the formation of 
radiothyroxine and diiodotyrosine even at a concentration as low as 10-* m. 

p-Aminobenzeic Acid and p-aminophenylacetic acid had a pronounced 
effect on the rate of conversion of inorganic iodide to thyroxine and di- 
iodotyrosine,- These two compounds have been shown to be interchange- 
able as essential bacterial metabolites (20). “Their use in the present 
investigation was suggested not only by the fact that they possess goitro- 
genic activity (13) but also because of their structural similarity to the 
sulfonamides, which in an earlier study from this laboratory were shown 


to depress the conversion of inorganic iodide to thyroxine and diiodotyrosine~ 


(18,19). It is of interest to note here that p-aminobenzoic acid influences 
oxidative processes catalyzed by tyrosinase. Wisansky et al. reported 
that the aerobic oxidation of tyrosine is retarded by p-aminobenzoic acid 
(21). It was shown earlier in this laboratory that the formation of both 
diiodotyrosine and thyroxine by the thyroid gland is linked with aerobic 
oxidations in which the cytochrome-cytochrome oxidase system is in- 
volved (22). 

Astwood found that in the intact rat the administration of sufficient 
inorganic iodide prevented the goitrogenic effects of thiocyanate but not 
of thiourea or the sulfonamides (12, 13). This in vivo difference may find 
an explanation in the in vitro observations made in this laboratory. When 
comparisons were made at a single concentration, namely 10~* M, it was 
found that the action of thiocyanate differed from that of thiourea, thi- 
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ouracil, and p-aminobenzoic acid. The three latter compounds strongly 
inhibited the conversion of the radioactive iodine of the Ringer’s solution 
to thyroxine and diiodotyrosine, but had little effect on the amount of I 
accumulated by the thyroid slice; 10-* m sulfanilamide also depressed the 
formation of radiothyroxine and radiodiiodotyrosine without appreciably 
influencing the iodine-concentrating capacity of thyroid slices (19). Thio- 
cyanate, on the other hand, decreased the amount of I that entered the 
slice as well as the amount recovered as thyroxine and diiodotyrosine, 

It is interesting to mark the close interrelation that exists amorig three 
types of compounds studied here: the cyanides, thiocyanate, and the 
thioureas. In the animal body, the cyanides (both inorganic and the 
nitriles) are converted to thiocyanate (23, 24), whereas in the test-tube 
thiocyanate and thiourea are interconvertible (25, 26). The extent to 
which such conversions are involved in the goitrogenic effects produced by 
the feeding of these three types of compounds is, of course, not known at 
present. 

It was shown previously in this laboratory that NaCN strongly inhibits 
the in vitro conversion of inorganic iodide to thyroxine and diiodotyrosine 
by surviving thyroid slices (22). Hence the failure of methyl cyanide 
(Table I1) to retard this conversion even at a concentration as high as 10-' mu 
suggests that thyroid hyperplasia, when produced in the intact animal by 
the administration of methyl cyanide (14), is not the result of the action 
of the CH;CN molecule per se upon thyroid tissue but of its detoxification 
product, thiocyanate, or its hydrolysis product, cyanide. 


EXPERIMENTAL 
Preparation of Media—The bicarbonate-Ringer’s medium used here was 
prepared according to Krebs and Henseleit (27). ioactive inorganic 


iodide (I'**) was added as a solution of isotonic NaCl} the volume added to 
the bicarbonate buffer was always small in comparison with the total 
volume of the medium. The preparation of the radioiodine has been 
described elsewhere (28). No I? was added to the media used in the 
experiments of Tables I, II, III, and V; hence the only I’ present in the 
media of these experiments was that due to impurities in the reagent grade 
chemicals used in preparation of the media. 

3 ce. portions of this radioactive buffer were transferred to each reaction 
flask (25 cc. Erlenmeyer flask). The various compounds shown in Tables 
I to V were then added in 0.1 ce. of isotonic NaCl. The compounds were 
prepared of such strength that the addition of 0.1 ec. to the 3 cc. medium 
yielded the concentrations of the compounds recorded in these tables. 
The pH of the concentrated solutions of the compounds in isotonic NaC! 
was adjusted to 7.4 before their addition to the bicarbonate-Ringer’s me- 
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dium. In the control experiments, 0.1 cc. of isotonic NaCl containing none 
of these compounds was added to 3 ce. of the radioactive buffer. The 
thiouracil was supplied by the Lederle Laboratories, Inc., to whom our 
thanks are due. All other compounds used were of the c.p. grade. 

Preparation of Tissue Slices and Their Incubation—The thyroid glands 
were obtained at the local abattoir from sheep, weighing approximately 30 
kilos, that were sacrificed by exsanguination. The glands were imme- 
diately wrapped in cellophane, packed in ice, and brought to the laboratory, 
About 1 hour elapsed between the time the sheep were killed and the slicing 
of the glands was begun. 

The preparation of the thyroid slices has been described elsewhere (17), 
300 mg. of slices were transferred to each reaction flask containing the pre- 
pared medium. The bicarbonate-Ringer’s solution was saturated with a 
gas mixture consisting of 95 per cent O; and 5 per cent CO: before the addi- 
tion of the radioiodide, and the atmosphere in the flask above the liquid 
was flushed with the same gas mixture immediately after the addition of the 
thyroid slices. The flasks were then tightly stoppered and incubated at 
38°. They were gently agitated during the entire period of incubation. 

Separation of Thyroxine, Diiodotyrosine, and Inorganic Iodide in Experi- 
ments of Tables I and II—In the experiments of Tables I and II the entire 
contents of each flask, 7.e. slices as well as the medium, were analyzed for 
radiothyroxine, radiodiiodotyrosine, and inorganic I. At the end of the 
incubation period, 3 cc. of 4 N NaOH were added to each flask and the 
contents hydrolyzed for 8 hours on a steam bath. The further separation 
was carried out after the manner described by Perlman et al. (29). 

Penetration Studies of Tables IIT and V—The slices were separated from 
their medium in the following manner. The liquid in each flask was de- 
canted. The slices were then immersed for 20 seconds in 3 cc. of a non- 
radioactive bicarbonate-Ringer’s solution. This was repeated for another 
20 seconds in a fresh 3 cc. portion of non-radioactive bicarbonate-Ringer’s 
solution. The slices were then placed on filter paper moistened with the 
bicarbonate-Ringer solution in order to remove excess liquid adhering to 
the surfaces of the slices. The thyroid slices were then transferred to a 
flask containing 6 cc. of 2 N NaOH and hydrolyzed until a homogeneous 
solution was obtained. 

Penetration Study of Table I1V—The thyroid slices were separated from 
the medium in which they were incubated and washed as described above. 
They were then transferred to a flask containing 6 cc. of 2 nN NaOH and 
hydrolyzed for 8 hours on a steam bath. The procedure employed here 
for the determination of inorganic I" and organic I is a modification of 
that used in the experiments of Tables I and IT. 

Radioactive inorganic iodide was separated from radiothyroxine and 
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radiodiiodotyrosine in the following manner. 0.1 cc. of 0.2 m KI was 
added as carrier to the above alkaline hydrolysate and the solution made 
acid to methyl orange with H,SOQ,. The iodide was oxidized with iodate 
and the newly formed iodine (I,) extracted with carbon tetrachloride. 
Radiothyroxine and radiodiiodotyrosine were contained in the aqueous 
phase. This procedure differed from that used in Tables I and II in that 
the initial removal of thyroxine with butyl alcohol was not carried out, the 
oxidation of the iodide by means of iodate being carried out in the presence 
of thyroxine. This procedure yielded two fractions, one of which contained 
the inorganic iodide I" and the other the I" that could not be oxidized to 
I, with iodate; the latter contained the organically bound I of the hy- 
drolysate. 

“ Determination of Radioactivity—Aliquots of the various fractions were 
transferred to Coors milk-ashing dishes and evaporated to dryness. The 
presence of a small piece of lens paper insured an even distribution of the 
solid material on the bottom of the dish. A few drops of 2 N NaOH were 
added to prevent loss of iodine during the evaporation. The radioactivity 
was measured by means of a scale-of-eight Geiger-Miiller counter. The 
tube contains a thin mica window (30). 


SUMMARY 

In order to study the mechanism of action of various known goitrogenic 
compounds, their effects on the in vitro conversion of radioactive inorganic 
iodide (I'*') to thyroxine and diiodotyrosine by surviving thyroid slices as 
well as their effects on the uptake of total I“ by the slices were measured. 

1. Thiourea, thiouracil, and allylthiourea strongly depressed the conver- 
sion of the medium’s inorganic iodide to thyroxine and diiodotyrosine. 
Allylthiourea was an effective inhibitor at a concentration as low as 10~ Mm. 

2. Methyl cyanide had no effect on the conversion of the medium’s 
inorganic iodide to thyroxine and diiodotyrosine even at a concentration as 
high as 10— a. 

3. Thiocyanate inhibited the formation of radiothyroxine and radio- 
diiodotyrosine at a concentration as low as 10 m. 

4. p-Aminobenzoic acid and p-aminophenylacetic acid depressed the 
conversion of the inorganic iodide of the Ringer’s solution to thyroxine and 
diiodotyrosine at a concentration of 10-* m. 

5. At a concentration that strongly inhibited the formation of radio- 
thyroxine and radiodiiodotyrosine at the expense of the inorganic iodide of 
the medium, namely 10- m, thiourea, thiouracil, and p-aminobenzoic acid 
had little effect on the iodine-concentrating capacity of surviving thyroid 
slices. At this concentration thiocyanate depressed the uptake of radio- 
active iodide by thyroid slices as well as its subsequent conversion to 
thyroxine and diiodotyrosine. 
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THE DETERMINATION OF URIC ACID IN URINE WITH 
CRUDE URICASE* 
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Blauch and Koch (1) introduced the uricase method for the determination 
of blood uric acid. This was based on the destruction of uric acid by crude 
uricase, so that the difference in phosphotungstate color before and after 
uricase action was assumed to be a measure of the true uric acid. 

The uricase method has not been applied to human urine. This is of 
interest as a new means of checking the specificity of current methods for 
uric acid in urine. Folin (2) and Christman and Ravwitch (3), using 
indirect methods for the determination of uric acid in urine, i.e. those 
involving the preliminary separation of uric acid before its colorimetric 
estimation, found that about 90 to 95 per cent of the value obtained by 
direct methods was true uric acid. 

In this report the uricase method has been applied to the determination 
of uric acid in urine and the results so obtained have been compared with 
those by Folin’s direct method (2, 4). 


Methods 


The true uric acid of urine determined by the uricase method was the 
difference between the value obtained by Folin’s direct method (2, 4) and 
the color value for non-uric acid which remained after incubation of the 
urine with crude uricase. 

In order to obtain the color value for the non-uric acid, the urine was 
diluted to a uric acid concentration of about 0.04 mg. perec. A preliminary 
direct uric acid determination was done on urine diluted 1:100 or 1:200 
and on the basis of this a new dilution to 0.04 mg. per ce. was made.' 2 ce. 
of the diluted urine were added to a 50 cc. Erlenmeyer flask, followed by 
50 mg. of crude uricase powder (1). The flask was tightly stoppered, gently 
whirled, and incubated in an oven or water bath at 40-48° for 2 hours. 
Then 2 cc. of water, 0.5 cc. of 10 per cent sodium tungstate, and 0.5 ce. 


* Supported by a grant from the John and Mary R. Markle Foundation. 
t Present address, Evans Memorial, Massachusetts Memorial Hospitals, Boston, 
Massachusetts. 
1 With ordinary urine containing 0.3 to 0.6 mg. of uric acid per cc. a 1:10 dilution 
would be satisfactory. 
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of 2/3 n sulfuric acid were added to the flask, followed by shaking and 
filtering. 

To obtain the uric acid of the urine by Folin’s direct method the urine was 
diluted to about 0.004 mg. of uric acid per cc. on the basis of the preliminary 
determination. If protein was present, it was removed from the original 
urine by acetic acid and heat. 

The color was developed by the Folin method (2, 4). A Klett-Summer- 
son photoelectric colorimeter with Klett tubes graduated at 5 and 10 ce, 
was used. 1 cc. samples were taken for all determinations. 1 cc. of di- 
luted uric acid standards were also taken. With the direct method these 
contained 0.003, 0.004, or 0.006 mg. of uric acid per cc. and were prepared 
by dilution of the stock standard (5) with water. 1 cc. of water was added 
to another tube for a blank determination on the Folin reagents. 2 ce. of 
the urea-cyanide solution were added to each tube, mixed, and followed by 
0.8 cc. of the concentrated uric acid reagent. After standing for 20 to 40 
minutes, the solutions were diluted to 10 ec., mixed, and read. 

The non-uric acid color was similarly developed, except that a 0.0004 
mg. or other suitable uric acid standard was used and the final volume was 
made to 5cc. The same quantities of Folin reagents were taken as when 
the final volume was made to 10 cc.” 

The unknowns were always read against the standard that matched 
them most closely. Since the uric acid color was not perfectly stable, 
the blank solution was read instead of adjusting the zero position of the 
galvanometer with it. When there were a number of unknowns, the blank 
and standard were read before, after, and sometimes in the middle of the 
unknowns. 

The urine in the present study was partly from normal subjects and partly 


from patients with preeclampsia. 
Results 


The uric acid values of fifteen specimens of human urine, as determined 
by both Folin’s direct and the uricase methods as described, are given in 
Table I. The true uric acid determined by the uricase method varied 
from 12.9 to 93.3 mg. per cent. This was 94 to 98 per cent and averaged 
96.5 per cent of that by Folin’s direct value. The non-uric acid color 
after uricase action varied from 0.2 to 2.8 mg. per cent and averaged 15 
mg. per cent, expressed as uric acid. 

That uric acid added to urine was destroyed when incubated with uricase 
is shown in Table II. A solution of sodium or lithium urate was added 

2 To reduce the size of the blank the use of 1 cc. of urea-cyanide solution and 0.4 ce. 


of concentrated uric acid reagent with the 5 cc. volume is suggested. The uricase 
powder may give a small blank. If so, it should be subtracted from the readings of 


the unknown. 
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to urine of known true uric acid content. 
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The calculated total true uric 


acid of the mixture was compared with that determined from its color 
value for non-uric acid. The uric acid destruction in three experiments 
was 100, 97, and 101 per cent. 


Uric Acid in Urine 


TABLE I 





Urine specimen 
No. 


Folin’s direct 


| | 
Non-uric acid color*) 


True uric acid 


True uric acid 


























method after uricase Folin’s direct method 
mg. per cent mg. per cent mg. per cent per cent 
1 35.4 2.3 33.1 94 
2 42.7 2.5 40.2 94 
3 52.4 2.8 49.6 95 
4 40.7 2.1 38.6 95 
5 18.4 0.8 17.6 96 
6 34.9 1.4 33.5 96 
7 95.8 2.5 93.3 97 
8 34.1 1.0 33.1 97 
i) 31.2 1.0 30.2 97 
10 26.1 0.7 25.4 97 
1l 66.3 2.1 64.2 97 
12 75.6 Ar 73.9 98 
13 36.5 0.7 35.8 98 
14 17.9 0.3 17.6 98 
15 13.1 0.2 12.9 98 
EIEN A FG 1.5 96.5 
* Expressed as uric acid. 
Taste II 


Destruction of Uric Acid Added to Urine When Incubated with Crude Uricase 





| 


True uric acid of urine + uric acid 








True wale act” of Uric acid* added | Uric off See 
Found _ | Calculated 
mg. per cent mg. per cent mg. per cent mg. per cent | per cent 
1.53 1.46 2.99 | 2.99 100 
2.17 1.80 3.83 3.97 | 97 
1.51 1.78 3.33 | 3.29 101 








*The concentration present in the mixture of urine + uric acid. 


. 


If there was any decrease of the color value for the non-uric acid of 
urine under the conditions of the uricase incubation, it would make the 
true uric acid value too high. This was investigated on nine specimens 
of urine by determining the uric acid value by Folin’s direct method before 
and after incubation without uricase. After incubation the uric acid 
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values were from 6.6 per cent lower to 4.0 per cent higher and averaged 
1.2 per cent lower than the initial values and therefore were not significantly 
changed. 

Since the pH optimum for uricase action is 9.2, some of the acid urines 
were neutralized before they were diluted for incubation. However, with 
two urine specimens the same color value for non-uric acid was obtained 
on acid and neutralized samples. 

DISCUSSION 

The present findings are consistent with those of others (2, 3) using in- 
direct precipitation methods for uric acid, that over 90 per cent of the uric 
acid in urine as determined by direct colorimetric methods is true uric 
acid. Moreover they indicate that about 95 per cent of the color value 
determined by Folin’s direct method is true uric acid and that therefore 
it is a measure of true uric acid for all practical purposes. 

The color determination for non-uric acid is subject to error owing to 
the very low concentrations measured and this in turn affects the true 
uric acid value, since the latter is determined by difference. However, a 
large error in this determination has only a small effect on the true uric 
acid value. 

Inasmuch as crude uricase is used, the specificity of the present uricase 
method rests on the assumption that no color material other than uric 
acid is destroyed by it. 


SUMMARY 


A method is described for the determination of uric acid in human urine 


with crude uricase. 

Uric acid determined on fifteen specimens of urine by the uricase method 
gave values from 94 to 98 per cent and averaged 96.5 per cent of those 
by the Folin direct method. 

For all practical purposes Folin’s direct method is an accurate means for 
the determination of true uric acid in urine. 


The author is indebted to Dr. H. J. Stander and Dr. H. C. Trimble for 
their criticism of the manuscript. 
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Investigations in this and other laboratories have demonstrated that 
leucine and isoleucine are among the amino acids essential for Lactobacillus 
arabinosus (1-3). In an attempt further to purify our basal medium dl- 
leucine was used as a source of leucine rather than /(+)-leucine. To our 
surprise an isoleucine requirement could not be shown after this change 
was made. The dl-leucine satisfied both the leucine and isoleucine needs 
of the organism. This unexpected finding suggested that /(+)-leucine 
isolated from natural sources was free of isoleucine, but that the synthetic 
material contained either isoleucine or some material with isoleucine ac- 
tivity. This paper reports investigations upon the isoleucine activity of 
commercial dl-leucine samples and the identification of dl-isoleucine as a 
contaminant. 


EXPERIMENTAL 


The basal medium and assay techniques have been described (1). The 
standards used were /(+)-leucine (Merck) for the leucine assays and dl- 
isoleucine (Merck) for the isoleucine assays. Each sample of dl-leucine 
has been tested for isoleucine activity in at least two independent assays 
at four different levels. 

The results obtained with seven different samples of di-leucine are shown 
in Table I. Four of the seven samples showed unexpectedly high isoleucine 
activity and only two were apparently free of such activity. Samples 3 
and 6 were assayed at levels up to 300 y per tube. Sample 4 showed clear 
cut evidence of activity at this level but was finally tested at levels from 
0.5 to 1.5 mg. per tube. Samples of d(—)-leucine, tertiary leucine, and 
norleucine proved inactive, thus eliminating these isomers as a source of 
isoleucine activity. 

Assays of these samples for /(+)-leucine are also shown. The activity 
of d(—)-leucine was surprising and appears to represent true activity, 
since rotation data indicate that not more than 1 or 2 per cent of /(+)- 
leucine could have been present in this sample. This material was of 
necessity tested at much higher levels than the dl-leucine samples. Re- 
covery of /(+)-leucine added to tubes containing d(—)-leucine was not 
satisfactory if the leucine activity of the d(—)-leucine was taken as 9.2 
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per cent. Investigations on the possible stimulatory action of d(—)- 
leucine when small amounts of /(+)-leucine are present are being con- 
tinued. ¥ 

The leucine assays upon various leucine preparations are obviously a 
less accurate indication of the extent of contamination. However, Samples 
1 and 5 have been assayed repeatedly and appear to be definitely less 
active than expected. 

Sample 1 has been studied by chemical and fractionation methods, 
Chromic acid oxidation by the procedure of Block and Bolling (4) demon- 


Taste I 


Isoleucine and Leucine Activity of Samples of Commercial dl-Leucine and 
Leucine Isomers 

















Sample* | “to dtlocieutine 1(+)-Leucine content 

| per cent per cent 

di-Leucine, Sample 1....................... Beat <1 18.4 41.5 

" PN eA Un tte 16.8 45.0 

“ PA» Bo. aiah trois denies wae ee 0.0 57.7 
a - oe AS Pa 0.51 

os he 2° ORR viata 6.78 32.0 

- - De covccccsccsdeeeeeems<i 0.0 51.6 
” = , Se Ee eee ee ee sesh 12.2 

Semnatese Ms ASG SEL WEIS tO : 0.0 9.2 
RIES ek es ee ee) ee | 0.0 
Is, athe stnies daa, os sssndhietilib seks<* 0.0 








*The seven samples of dl-leucine include products from four different com- 
mercial sources. 

+ The authors are indebted to Dr. Sarah Ratner for a generous supply of d(—)- 
leucine and for one of the dil-leucine samples. Concerning the sample of d(—)-leu- 
cine, we quote, with permission, from a letter from Dr. Ratner, ‘“The optical rotation 
of this sample indicates it to be the pure d variety, but since the rotation of leucine is 
rather low, the experimental conditions of estimation are such that the presence of 
1 or 2 per cent of the / form cannot be excluded.”’ 

t The tertiary leucine was kindly supplied by Dr. David Bonner. 


strated the formation of considerably more methyl! ethyl ketone than did 
a sample of /(+)-leucine. 

The copper salts of Sample 1 were prepared according to the procedure 
of Brazier (5). Cold water extraction appeared to remove only small 
amounts of material, and they were then extracted three times with hot 
water. After the removal of copper from the combined water extracts, 
isoleucine assay indicated that approximately 90 per cent of the nitrogen 
could be accounted for in this fraction as dl-isoleucine. Treatment of this 
fraction with p-toluenesulfony] chloride yielded the tosyl derivative which, 
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upon recrystallization from benzene, melted at 139° (uncorrected). Me- 
Chesney and Swann (6) record the melting point of tosyl-dl-isoleucine as 
139-140° (uncorrected), and an authentic sample of tosyl-dl-isoleucine 
which was prepared melted at 139°. A mixed melting point of 139° identi- 
fied the isolated material as dl-isoleucine.* 


° DISCUSSION 


Isoleucine appears to be a common contaminant of synthetic dl-leucine. 
It should be stressed, hogvever, that the data presented in this paper cannot 
be considered as representing the extent of impurity upon a weight basis. 
Data upon the specificity of the leucine and isoleucine requirements, to be 
published as a separate paper, have shown that /(+-)-alloisoleucine has 
isoleucine activity but to a lesser extent than /(+-)-isoleucine. Synthetic 
methods, such as described by Marvel (7), might be expected to give the 
four isomers in equal proportion, although we have no data on the origin 
of the materials or the methods used in dl-leucine manufacture. The iso- 
lation of pure dl-isoleucine as the tosyl derivative does not preclude the 
presence of alloisoleucines. 

Investigators in biological fields are apt to consider synthetic chemicals 
as pure, at least in so far as other biologically active materials are concerned. 
These studies indicate the need for caution, especially when slight con- 
tamination may be of importance. It is of interest that Wood, Geiger, 
and Werkman (8) reported di-leucine and dl-isoleucine to be interchangeable 
as nutrilites for three species of heterofermentative lactic acid bacteria. 
Also Snell and Guirard (9) have reported isoleucine to be non-essential for 
Streptococcus lactis R. The leucine in their medium was supplied in the 
dl form. We’ have found both leucine and isoleucine to be required by 
this organism.” 


SUMMARY 


1. Of seven samples of commercial di-leucine tested, five showed ap- 
preciable isoleucine activity when tested by microbiological assay. Three 
samples were between 10 and 20 per cent as active as dl-isoleucine. 

2. di-Isoleucine was identified as a contaminant of one of these samples 
by isolation of this amino acid. 

3. The inactivity of d(—)-leucine, tertiary dl-leucine, and dl-norleucine 
suggests that the total isoleucine activity is due to isoleucine or its optical 
isomers. 

‘The tosyl derivatives and melting point determinations were made by Dr. Halvor 
N. Christensen. We wish to express our appreciation for these and for his interest 
and helpful suggestions during this study. 


*Hegsted, D. M., and Wardwell, E. D., unpublished data. 
*The culture of Streptococcus lactis R was kindly supplied by Dr. E. E. Snell. 
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STUDIES ON ANEMIA IN SWINE DUE TO PYRIDOXINE 
DEFICIENCY, TOGETHER WITH DATA ON PHENYL- 
HYDRAZINE ANEMIA* 


By GEORGE E. CARTWRIGHT, MAXWELL M. WINTROBE,?{ anv 
STEWART HUMPHREYSt 


(From the Department of Medicine, the Johns Hopkins University, Baltimore) 
(Received for publication, January 4, 1944) 


Nutritional microcytic anemia due to pyridoxine deficiency has been 
produced in the dog (1-4) and in the pig (5-7). The anemia fails to respond 
either to iron or to copper but is relieved by synthetic pyridoxine. Con- 
vulsions and ataxia have been shown by many authors (3-7) to accom- 
pany the deficiency. Peripheral nerve degeneration and hemosiderosis 
in the spleen, liver, and bone marrow have been reported by Wintrobe 
et al. (7). The literature on pyridoxine deficiency in dogs and swine has 
recently been reviewed by the latter workers and they have reported in 
detail the manifestations of pyridoxine deficiency in swine. 

Elevated plasma iron levels were first reported by Fouts et al. (1) and 
later were recorded by McKibbin et al. (4) and Wintrobe et al. (7). A 
green pigment-producing substance in the urine of pyridoxine-deficient 
rats was reported by Lepkovsky and Nielsen (8). Later Fouts and Lep- 
kovsky (9) found the substance in the urine of dogs under similar conditions, 
and Wintrobe et al. (7) have reported its presence in the urine of pyridox- 
ine-deficient pigs. Recently Lepkovsky, Roboz, and Haagen-Smit (10) 
have shown this substance to be xanthurenic acid, a metabolic product of 
tryptophane metabolism. 

The purpose of this paper is to attempt to elucidate the mechanism by 
which anemia due to pyridoxine deficiency is produced by ascertaining the 
extent of blood destruction and by seeking the cause of the elevated serum 
iron. 


Materials and Methods 


Animals—Full details of the experimental methods have been given 
elsewhere (11). Pigs were obtained from the Bureau of Animal Industry, 
United States Department of Agriculture, Beltsville, Maryland. For this 


* Aided by grants from the Rockefeller Foundation, Parke, Davis and Company, 
and The Upjohn Company, and carried out in cooperation with the Bureau of Animal 
Industry, United States Department of Agriculture. 

The authors are indebted to Miss Patricia Jones, Miss Phyllis Fan, and 
Miss Marion Weiner for their technical assistance. 

+ Present address, School of Medicine, University of Utah, Salt Lake City, Utah. 
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study twenty-seven animals were used. They were received at approxi- 
mately 3 weeks of age and were divided into the following experimental 
groups: eleven pigs, pyridoxine deficiency; five pigs, iron deficiency; three 
pigs, combined pyridoxine and iron deficiency; one pig, hemolytic anemia 
(phenylhydrazine); seven pigs, inanition controls. 

Diet—The animals were fed the basal diet consisting of Sheffield ‘‘new 
process”’ casein 26.1 per cent, sucrose 57.7 per cent, lard 11.0 per cent, salt 
mixture (Swine Salt Mixture 3 (11))5.2 percent. In addition they received 
cod liver oil (Mead Johnson, 1800 units of vitamin A, 175 units of vitamin 
D per gm.), 0.5 gm. per kilo of body weight daily. Vitamins were supplied 
‘in crystalline form by placing them in capsules and administering them 
orally. The quantities of crystalline vitamins when these were given were 
as follows (mg. per kilo of body weight daily): thiamine hydrochloride 
0.25, riboflavin 0.12, nicotinic acid 1.20, pyridoxine hydrochloride 0.20, 
pantothenic acid 0.50, p-aminobenzoic acid 0.50, inositol 1.20, choline 10.0, 
In addition to the above diet the animals were given all eight vitamin 
supplements for 1 week. After this time the pyridoxine hydrochloride was 
omitted from the vitamin supplements given the pyridoxine-deficient 
group, iron pyrophosphate was omitted from the salt mixture given the 
iron-deficient group, and both the pyridoxine and iron salt were omitted 
from the diet of the combined pyridoxine- and iron-deficient group. The 
control animals were fed the same amount of diet as the pyridoxine-defi- 
cient group consumed, thus making them inanition controls. It should be 
noted that the iron deficiency in the animals given no iron pyrophosphate 
was not absolute, since the other salts fed no doubt contained small amounts 
of iron. 

Bilirubin Determinations—These were made by the method of Malloy 
and Evelyn (12), with the Evelyn photoelectric colorimeter. 

Urobilinogen Determinations—These were made by the method of Watson 
(13). The color developed by Erhlich’s reagent was measured on the 
Evelyn photoelectric colorimeter. Urine collections were made according 
to the method of Watson for 24 hour periods and the stools were collected 
continuously for 4 days. 

Urinary Porphyrin Estimations—These were made by acidifying 100 ml. 
of fresh urine with glacial acetic acid and then extracting with an equal 
volume of ethyl ether. This ether-soluble porphyrin fraction was then 
purified according to the method of Dobriner (14). Finally the total 
ether-soluble fraction in 5 per cent hydrochloric acid was placed in a flu- 
orometer and the degree of fluorescence was noted and recorded in plus 
values ranging up toeight. Ifanincreased amount of porphyrin was present, 
the protoporphyrin, deuteroporphyrin, and coproporphyrin fractions were 
separated according to Dobriner’s procedure. Again the degree of fluores- 











be 


€ 
a 


a ce oe i | 


we FP wee EF eS EF 








CARTWRIGHT, WINTROBE, AND HUMPHREYS 173 


cence was noted. By this method even a slight increase beyond normal 
could be detected, although no attempt was made to measure the por- 
phyrin output in absolute figures. 

Serum Iron Determinations—These were made by precipitating 5 ml. 
of serum with trichloroacetic acid at 90°. The filtrate was then adjusted 
to pH 6 with ammonium hydroxide and the iron determined with a,a- 
bipyridine after reduction with thioglycolic acid. A correction factor was 
added for the amount of iron which was carried down by the protein precip- 
itate. Serum iron determinations by this method were accurate within 
+10 percent. Great care was taken in cleaning the glassware and making 
the reagents free of iron. 

Urinary Iron Determinations—The urine was digested with sulfurie acid 
and redistilled nitric acid. The iron content was then determined with 
a,a-bipyridine. 

Xanthurenic Acid Excretion—This was determined qualitatively by 
neutralizing the urine to litmus, adding a few drops of ferric ammonium 
sulfate, and filtering. The depth of the green color was recorded by plus 
values ranging up to four. 

Dialyzable Iron Determinations—15 it of serum were obtained and 5 ml. 
used for serum iron analysis. 10 ml. were then pipetted into a cellophane 
bag equipped with a weighted sealed tube to increase the dialyzing surface. 
The serum was dialyzed at 37° against 10 ml. of glass-redistilled water for 
48 hours, the water changed, and the dialysis continued for 24 hours longer. 
The serum was then removed, the volume measured, and 5 ml. used for 
analysis. The percentage which dialyzed was calculated and termed 
“dialyzable serum iron.” An additional 5 ml. from the dialyzing bag were 
placed in a second cellophane bag equipped with a weighted sealed tube and 
5 ml. of 0.2 n sulfuric acid were addéd. This was then dialyzed against 
10 ml. of 0.1 N sulfuric acid at 37° as before. The per cent which had then 
dialyzed was termed “acid-dialyzable serum iron.’’ Controls were run 
on the glassware and reagents. All dialyzing bags and glassware were 
soaked in acid and rinsed many times with glass-redistilled water before 
use. 

Studies on Blood Destruction—Measurements of blood destruction were 
made on pyridoxine-deficient pigs by determining urobilinogen excretion 
in the urine and stools, porphyrin excretion in the urine, and bilirubin 
and icterus index of the blood. It seemed desirable also to make similar 
measurements in a pig in which hemolytic anemia had been produced by 
giving phenylhydrazine, as well as in animals in which there was dimin- 
ished hemoglobin formation as the result of iron deficiency. 

The results obtained when a pig was given phenylhydrazine hydrochloride 
are summarized in Table I. The determinations of hemoglobin, volume 
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of packed red cells, reticulocytes, icterus index, serum bilirubin, and serum 
iron were made daily but in Table I they are averaged for 4 day periods. 
4 day stool and 2 day urine collections were made and analyzed for uro- 
bilinogen but the results are expressed as mg. per 24 hours. Urinary 
porphyrin collections were made on aliquots of 24 hour urine collections. 

The pig excretes less urobilinogen in the stool and urine under normal 
conditions than might be expected. Furthermore, the normal serum bili- 
rubin is extremely low and, as can be seen, does not rise to great heights, 
even while severe hemolysis is taking place. This is consistent with the 


Taste I 
Phenylhydrazine Anemia 








Period rope | Hb Hema- Reticu- Icterus Biliru- Serum Urobilinogen per 2¢ hrs. Porphy- 
a tocrit | locytes| index _ bin 2 en eee 
Urine | Stool | Total 


mg. per Y 








days vy tay gy on aust per cent cent per ceni ms. meg. még. 

1-4 | 0 | 11.2 | 38.3 1.6 2) 0.3 | 173 0.1; 0.4; 0.4); O 
5- 8 0.5 10.7 | 36.3 Bea 4 0.1 28 0.1 1.4 1.4 

9-12 1.5 | 10.3 | 35.9 | 7.0 5 | 0.2 | 368 10; 2.5! 3.5| 2+ 
13-16 3.0 | 10.9 33.5 10.6 6 0.6 354 

17-20 1.0 9.3 | 32.4 | 23.0; 13 1.1 316 0.1 | 11.4) 11.4) 4+ 
21-24 3.0 8.2 | 30.7 | 31.2 | 10 1.3 | 295 1.0 | 39.8 40.8 
25-28 4.5 6.7 | 20.5 | 57.2; 13 | 0.9 | 342 0.1 | 92.7 | 92.8 
29-32 4.0 6.6 | 27.8 | 45.6 15 1.8 | 352 1.6 | 27.1 | 28.7 
33-36 4.0 6.4 | 26.2 | 66.0; 20 2.5 | 218 3.4 | 33.5 36.9) 8+ 
37-40 4.0 §.5 | 30.7 | 3.8 | 27 | 2.7 175 1.0 | 16.6 17.6) 8+ 
41-44 4.0 5.3 | 28.7 | 50.0! 26 | 1.9 123 3.1 | 33.7 | 36.8 
45-48 4.0 5.6 | 24.4 | 37.2 | 27 | 3.4 127 8.5 | 24.8 | 33.3 | 
49-52 4.0 5.6 | 30.3 | 33.2 | 21 | 3.2 118 | 28.6 142.8 171.4 1+ 
53-56 4.0 6.3 | 30.5 | 34.1 | 25 | 2.3 166 | 15.2 | 45.5 | 60.7 | 3+ 
57-60 | 4.0 §.2 | 29.8 | 21.6 28 | 2.1 114 4.0; 9.2) 13.2 
PE ee Pe ees er 18 | 1.8 5.6 | 39.9 | 45.5 





statement of Lemberg (15) that the pig’s serum contains only small quan- 
tities of bilirubin. 

We have been unable to find an account of phenylhydrazine or hemolytic 
anemia in swine and for this reason report our data in some detail. The 
results indicated that as the hemolvtic anemia developed a massive reticu- 
locytosis occurred, the icterus index and serum bilirubin rose, and the 
urobilinogen and porphyrin excretion increased. This is in accord with 
observations on other species. The porphyrinuria was consistently due 
to an increase in the coproporphyrin fraction. The protoporphyrin and 
deuteroporphyrin fractions remained unchanged. As the blood destruction 
increased, the stools and urine became increasingly darker. It is of interest 
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that at the end of the experiment, in spite of the continued large doses of 
phenylhydrazine, the percentage of reticulocytes, the serum iron, and the 
urobilinogen and porphyrin excretion tended to diminish. This would 
seem to indicate a diminution in blood mass and consequently a diminution 
in the amount of hemoglobin which was available for hemolysis. 

Table II presents a summary of the studies on blood destruction in 
pyridoxine anemia, phenylhydrazine anemia, iron deficiency anemia, and 
in control animals. The difference between the total urobilinogen excre- 
tion of the pyridoxine-deficient group, the control group, and the iron- 

















TaBLe II 
Studies on Blood Destruction 
a | aa | Phenyl- 
| Pyrid | I y Inani 
Riclency | deficiency | ym ed comes 
| eer a if | 2 | 1 5 
Hemoglobin, terminal, mean, gm. per cent...... | 9.8 9.3 | §.2 13.6 
‘ «nage “ * « | 6.1-12.0 | 9.2-9.5 13.2-14.7 
Icterus index Mean | 3 , 3 18 3 
Range | 1-6 (1-5 | 5-28 1-6 
Reticulocytes, % | Mean | 1 11 38 1 
Range | 0.2-7.0 0.2-6.4 | 7.0-66.0 | 0.1-3.2 
Porphyrinuria Mean 0 6 5+ 0 
Serum bilirubin, total, ss | 0.18 0.55 1.87 0.48 
mg. % Range | 0.04-0.45 | 0.54-0.56 | 0.2-3.4 0.08-1.09 
Urobilinogen excretion, | | 
mg. per 24 hrs. 
Urine "Mean | 0.1 0.1 5.6 0.1 
Range | 0.0-0.2 0.0-0.2 0.1-28.6 | 0.0-0.2 
Stool Mean | 1.3 1.6 39.9 0.6 
Range | 0.1-3.6 1.3-2.0 2.5-142.8 | 0.2-1.3 
Total | Mean | 1.3 1.6 45.5 0.6 
Range / 0.1-3.6 1.3-2.0 3.5-171.4 | 0.2-1.3 











deficient group is not significant. The lower value for serum bilirubin 
in the pyridoxine-deficient animals as compared with the control and iron- 
deficient animals is also not significant. The averages given for the animal 
with phenylhydrazine anemia are calculated from the 9th through the 
60th day. 

It is clear that pyridoxine anemia does not correspond with a hemolytic 
anemia. There is no comparable reticulocytosis, elevation of icterus index 
or serum bilirubin, and no increased urobilinogen excretion. The only 
feature which phenylhydrazine anemia and pyridoxine anemia have in 
common is the increase in serum iron above normal. 
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Serum Iron Studies—Table III presents a summary of the serum iron 
determinations. The results are illustrated in Fig. 1. In the control 
animals the serum iron values in most instances ranged between 90 and 180 
per cent. The highest value obtained in a control animal was 218 y per 
cent, and the lowest 71 y per cent. In pyridoxine deficiency the increase 
in serum iron began at approximately the 4th week of the deficiency and 
reached its maximum (350 to 600 y) between the 5th and 10th weeks. 
Following this the serum iron tended to fall off. In about half of the pyri- 
doxine-deficient animals the serum iron fell to levels of 180 to 250 y per 























Taste III 
Summary of Serum Iron Determinations 
j Deficient in 
Control a 
_— 'yridoxine 
Pyridoxine cad tao Iron 
No. of animals............ eed 7 11 3 5 
Duration of experiment, mean, 
5... sSinub eben 107 93 110 79 
Duration of experiment, range, 
ays.... — bans 32-151 76-119 74-172 28-122 
No. of determinations of serum 
iron . Rods es anette 85 93 31 | 51 
Hemoglobin, terminal, 
gm. %, mean* 14.0 + 0.45 8.9+ 0.89) 3.9 | 9.0 
Hemoglobin, terminal, | 
range 3.8-4.0 | 7.4-9.7 


Hematocrit, terminal, 
15.2 29.8 


cc. per 100 cc., mean* 41.3 +1.67| 29.32 2.51 
Hematocrit, terminal, | 

range | 14.0-16.7 |24.0-32.4 
Mean corpuscular vol- 

ume, cu. wu, mean* | 644.4241.84) 41.02 1.41 | 33.7 41.8 
Mean corpuscular vol- | | 


ume, range 30 -38 38 -47 
Serum iron, 7 %, mean* | 142.7 + 5.32 | 373.6 + 14.31 | 52.4 + 3.23 |48.0 + 2.31 








* + the standard error of the mean. 


cent during the 2 weeks preceding death. In the iron-deficient animals 
the serum iron dropped to values of 30 to 75 y per cent within 2 weeks 
and the values remained at this level throughout. In one animal pyridox- 
ine deficiency was produced first and then iron deficiency was superimposed. 
At the end of 3 weeks of the pyridoxine-deficient régime, the serum iron 
had risen to 240 y per cent. At this time the iron was removed from the 
diet. By the end of 30 days the serum iron had fallen to 59 y per cent. 

Combined pyridoxine and iron deficiency resulted in a greater anemia 
than either deficiency alone (see Table III). The volume of packed red 
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cells and hemoglobin was significantly lower. The combined deficiency 
also resulted in a lower mean corpuscular volume, which in one animal 
reached a low of 24 cu. u. The hemoglobin at this time was 2 gm. per cent 
and the animal was so weak it was unable to stand for any length of time. 
The relatively mild anemia occurring in the iron-deficient animals (Table 
III) is not surprising, since these animals were only partially deficient in 
iron. 

It seemed possible to us that the symptoms and pathology of pyridoxine 
deficiency might in part be due to iron toxicity but we were unable to 
detect any alteration in ataxia, convulsions, fatty liver, output of urinary 
pigment, or neurological lesions in the combined deficiency in comparison 
to deficiency of pyridoxine alone. It is to be noted, however, that the 











WEEKS ON EXPERIMENT 
Fic. 1. Serum iron values for a representative animal in each group 


hemosiderosis we have described in pyridoxine deficiency (7) was entirely 
prevented in all three instances in which iron deficiency was associated 
with lack of pyridoxine. 

Iron Excretion Studies—Urinary iron determinations were made on 
animals before and during the development of pyridoxine deficiency, and 
on control animals. The control animals excreted in the urine an average 
of 1.1 mg. of iron per 24 hours, while the pyridoxine-deficient animals 
excreted an average of 1.0 mg. per 24 hours before the deficiency developed 
and 0.9 mg. in 24 hours during the deficiency. These differences are not 
significant. All animals excreted extremely small quantities of iron in the 
urine. From this it is obvious that urinary excretion of iron is of no prac- 
tical significance. Even the above values are in all probability high, since 
collections entirely free from stool and cage contamination were impossible. 
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Iron balance studies were attempted. The results were extremely vari- 
able, but suggested that pyridoxine-deficient animals retain more iron than 
control animals. However, difficulties in analysis, stool collection, and 
exact measurement of dietary intake were so great that trustworthy results 
could not be obtained. 

Dialyzable Serum ITron—Tompsett (16) has shown recently that the dial- 
ysis of plasma iron depends upon its state as ferrous or ferric iron. Ferrous 
iron is ultrafiltrable, whereas ferric iron is not. Acidification of plasma 
caused a reduction of iron to the ferrous state, with a consequent change 
from a non-ultrafiltrable to an ultrafiltrable state. For this reason dialysis 
studies were made on the serum of pyridoxine-deficient pigs to determine 
the state of the iron. The results are given in Table IV. Examination of 
the number of micrograms of iron which dialyzed against water in these 
animals, as compared with controls, reveals that approximately the same 


TaBie IV 
Dialysis of Serum Iron 








ie Stites | 

















Control Pyridoxine deficiency m— 

Serum iron (6 determinations), (8 determinations) LC 2 

M. + S.E.m M. + S.E.m @ difference 
Initial, y %.... ea 149.8 + 14.08 370.8 + 43.75 4.81 
Dialyzable, %.. ' 24.7+ 1.78 | 12.14 2.12 4.51 
x %. 36.34 3.7 43.1+ 8.59 0.73 
Acid-dialyzable, % 80.24 2.02 71.24 4.41 1.85 
* 7 % “tt 119.0 + 10.41 | 259.1 + 30.14 4.39 











* The difference between the means, divided by the standard deviation of the 
difference. 


total amount dialyzed in both groups. This indicates that approximately 
95 per cent of the increased serum iron in the serum of the pyridoxine- 
deficient animals is in a non-dialyzable form as ferric iron. The results on 
dialysis with acid, however, indicate that the greater proportion of this 
iron is reducible with acid. It must be noted, of course, that conclusions 
concerning the state of serum iron in vivo must not be drawn from these 
in vitro studies. Furthermore, it should be pointed out that the percentage 
of iron dialyzable following acidification depends upon the acid used and 
its concentration. 

Urinary Porphyrin Studies—Because of the possibility that protopor- 
phyrin was being synthesized normally, but not utilized, urinary porphyrin 
studies were made in all pyridoxine-deficient animals. It seemed logical 
that if iron could not be utilized and was stored in the tissues and carried 
in excess in the serum the same might be true of protoporphyrin. How- 
ever, at no time was an increased excretion of urinary porphyrin found in 
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pyridoxine-deficient animals. If porphyrins were formed normally, they 
were broken down and not excreted as such in the urine. 

Effect of Various Substances on Pyridoxine Anemia—lIf{ the formation of 
hemoglobin proceeds through pyrroles, porphyrin, and heme and if the 
anemia of pyridoxine deficiency is caused by a defect in the formation of 
one of these substances, it seemed possible that by supplying these sub- 
stances or their precursors hemoglobin formation might be made to proceed 
at a normal rate and manner. The results of these experiments are sum- 
marized in Table V. The chlorophyll and sodium magnesium chloro- 
phyllin were used as a source of porphyrin. Purified liver extract was 


TaBLe V 
Effect of Various Substances on Pyridoxine Anemia 























Pig _—— | Hb |Hemato | Reticu- 
aa Substance | Dose per day —_ cane change 7 

| days | eent | “cons | Per cent 
7-80 | Chlorophyll, gm. 0.4 Subcutaneous | 10 | 0 —6.0| 6.4 
7-84 | Na Mg chlorophyllin, gm. | 1.0 Oral 8 |-1.7 | +6.9 | 2.4 
7-80 | Liver extract, units 10 (Intramuscular | 10 | 0 —1.8| 0.8 
7-$2| “ se a | 10 “ 8 |4+0.6 | -3.4| 4.2 
7-78 | Tryptophane, gm. | 0.5 [Oral 10 |-0.2 | +2.0| 0.8 
7-80 - ” 0.5) “ 14 |—0.6 | —4.0 | 11.4 
7-79 | Corn oil, gm. 50 - '| 45 |—4.3 |-12.4) 3.0 
7-83 | = vie 50 < 9 |+0.8 | —2.0/; 1.8 
7-78 | Crude Hb, gm. 100 f 13 |—0.4 | —0.6/| 0.4 
7-78 | Hemin, gm. 1.0 | “ 10 |+1.6| -0.2! 0.8 
7-80 | Iron ascorbate, mg. 50 ~=—s | Intravenous 20 |+3.1 | +8.0 | 12.4 
7-78 | “ - - 50 ag 10 |—3.7 |—-14.6 | 1.2 
7-79 | “ " “ 50 " 20 |-1.1| —3.0| 2.6 
7-78 | " - " 50 e 7 |}+0.2 | +1.4) 0.6 

















given to two animals to ascertain whether the anti-pernicious anemia factor 
would be effective in relieving this anemia. There was no significant effect. 
Because of the relationship between pyridoxine deficiency and tryptophane 
metabolism, as shown by Lepkovsky et al. (10), and because of the possi- 
bility that tryptophane is concerned with porphyrin synthesis, this sub- 
stance was tried. In the first animal (Pig 7-78) no response was obtained. 
In the second animal (Pig 7-80) a reticulocyte increase of 11.8 per cent oc- 
curred. However, because of an absence of hemoglobin and hematocrit 
response, it was concluded that this reticulocytosis was not significant. It 
was noticed that the urinary excretion of xanthurenic acid in these animals 
was greatly enhanced. This confirms the finding of Lepkovsky and co- 
workers (10). 
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The synergistic action between unsaturated fatty acids and pyridoxine 
in the alleviation of acrodynia in the rat, produced by a diet inadequate in 
the essential unsaturated fatty acids, has been described by Quackenbush 
etal.(17). Therefore, it seemed desirable to determine whether these fatty 
acids would affect pyridoxine anemia. Their ineffectiveness in this respect 
can be seen in Table V (corn oil). 

The possibility occurred that, although there is marked storage of iron 
in the tissues of pyridoxine-deficient animals and although the serum iron 
is elevated, the iron might in some way be in a non-utilizable form. To 
test this, iron ascorbate was given intravenously to Pig 7-80. A definite 
response seemed to occur and at the same time the hemoglobin and hemato- 
crit rose. On the 9th day the reticulocytes reached 12.4 per cent and 
remained at this level for 3 days. However, since the animal died at the 
end of this experiment, the value of this observation seemed questionable. 
Iron ascorbate was then given to two additional animals, in one animal 
twice. In all three instances there was no effect. Therefore, it was con- 
cluded that the response in Pig 7-80 was caused by some other factor and 
was not due to the iron given intravenously. 


DISCUSSION 


The theoretical factors which could cause a rise in serum iron are six; 
namely, increase in the absorption of iron, decrease in the excretion of iron, 
decrease in utilization for hemoglobin synthesis, increase in the iron lib- 
erated from hemoglobin by hemolysis, increase in iron liberated from the 
tissues, and diminished uptake of iron by the tissues. We have shown that 
in pyridoxine deficiency iron in the tissues is abundant. It would seem 
then that the iron is going from the serum into the tissues at an increased 
rate and, therefore, it is unlikely that the ferremia could be due either to 
increase in iron liberated from the tissues or to diminution of the iron taken 
up by the tissues. That there is not an increased rate of hemolysis can be 
seen from Table II. Therefore, the ferremia must be due either to a con- 
tinued or increased retention of iron, either through increased absorption 
or decreased excretion in the intestines, or is due to diminished hemoglobin 
formation, or a combination of both. 

A diminution in hemoglobin formation occurs, since anemia develops 
without evidence of hemolysis. That this factor alone is not great enough 
to cause a ferremia is indicated by the fact that in combined pyridoxine 
and iron deficiency the ferremia and hemosiderosis do not occur, and that 
in anemia due to protein deficiency,' which is equally severe, ferremia and 
hemosiderosis of the tissues are not present. It would seem that the fer- 
remia of pyridoxine deficiency is caused by continued retention of iron at a 


1 Wintrobe, M. M., and Cartwright, G. E., unpublished data. 
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time when its utilization for hemoglobin formation is at a minimum. 
Whether iron is retained normally or whether the retention is increased in 
pyridoxine deficiency, we are unable to state. The possibility that the 
retention is increased in pyridoxine anemia is interesting, since this would 
be a striking exception to the finding of Hahn and Whipple (18) in dogs 
and in humans (19); namely, that the absorption of iron is dependent on the 
need of the body for iron. In such conditions as pernicious anemia and 
hemochromatosis, in which the iron stores are abundant, these workers 
(19) found that there is very little absorption of iron. In pyridoxine defi- 
ciency tissue iron is abundant, its utilization is diminished, and yet the 
body continues to absorb iron. 

Since combined pyridoxine and iron deficiency prevents ferremia, it 
might be expected that there would be no ferremia in natural pyridoxine 
deficiency in humans, if such exists. For, if the diet were so poor as to be 
deficient in pyridoxine, it would also be likely to be deficient in iron. This 
is in keeping with our findings*® and with the findings of Moore et al. (20) 
that vitamin-depleted patients have low rather than high serum iron levels. 

Pyridoxine anemia is similar to pernicious anemia in several respects. 
In both conditions there is an increase in serum iron, hemosiderosis of the 
tissues, hyperplastic bone marrow, and neurological lesions. That they 
are not the same is evidenced by a microcytosis in one and a macrocytosis 
in the other. Also, pyridoxine anemia does not respond to liver extract 
and pernicious anemia? does not respond to pyridoxine. However, since 
they are similar in several aspects, knowledge of the mechanism of pyridox- 
ine anemia might aid in elucidating the mechanism of pernicious anemia. 


SUMMARY 


1. The catabolism of hemoglobin in the pig proceeds in a manner similar 
to that in man. 

2. Studies on serum bilirubin, per cent of reticulocytes in the blood, ic- 
terus index, urobilinogen excretion in the stool and urine, urinary ex- 
cretion of porphyrin, and comparison with anemia induced by phenyl- 
hydrazine, indicate that an increased rate of hemolysis does not occur in 
pyridoxine deficiency. 

3. By restricting the dietary intake of iron in pyridoxine-deficient ani- 
mals, the hemosiderosis of the tissues has been prevented, and the ferremia 
has not only been prevented but the serum iron has been maintained at the 
low level seen in iron deficiency. 

4. The ataxia, convulsions, neurological lesions, and fatty livers of 
pyridoxine deficiency were not altered by limiting the iron intake in the 
combined deficiency. 


* Cartwright, G. E., and Wintrobe, M. M., unpublished data. 
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5. The urinary excretion of iron in pyridoxine deficiency is insignificant 
and is not altered from the normal. 
6. The increased iron in the serum of pyridoxine-deficient animals is in 


the ferric state. 

7. Chlorophyll, sodium magnesium chlorophyllin, anti-pernicious anemia 
liver extract, tryptophane, corn oil, crude hemoglobin, hemin, and iron 
ascorbate were ineffective in stimulating blood formation in pyridoxine- 
deficient animals under the conditions of this experiment. 

8. Evidence is presented that the ferremia and hemosiderosis are due to 
the continued absorption or decreased excretion of iron at a time when its 
utilization for hemoglobin formation is at a minimum and when the body 
tissues are abundant with iron. This is an exception to the observation 
that in other types of anemia the absorption of iron appears to be dependent 
upon the need of the body for iron. 
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THE STRUCTURAL SPECIFICITY OF CHOLINE FOR THE 
GROWTH OF TYPE III PNEUMOCOCCUS* 
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Rane and Subbarow (1) have shown that choline is required for the 
growth of pneumococci. In preliminary experiments designed to develop 
a microbiological assay for choline it was found that ethanolamine would 
support the growth of a strain of Type III pneumococcus in the absence 
of choline. Other compounds related to choline and ethanolamine were 
then tested for their activity in promoting growth of this organism. The 
compounds studied were chosen to investigate the structural specificity 
of choline for the growth of the pneumococcus as well as the manner in 
which it and the related compounds act. It was found that the active 
compounds contained N—-C—-C—-OH or N-—-C—C—C—OH linkages. 
Substitution of or through the hydroxyl group resulted in complete inac- 
tivation of the molecule. Ethanolamine was the only naturally occurring 
substance which supported growth in the absence of choline. However, 
10 times as much ethanolamine as choline on a molecular basis was re- 
quired to produce maximum growth. 


EXPERIMENTAL 


Organism—A CHA strain of Type III pneumococcus, obtained from Dr. 
L. H. Schmidt at the Christ Hospital Institute for Medical Research, 
Cincinnati, was used throughout this work. The stock culture was passed 
through mice three times a week and the heart blood cultured in veal- 
phosphate broth. The inoculum was prepared by subculturing 0.1 ml. of 
the stock culture into veal-phosphate broth enriched with 0.1 per cent 
glucose and incubating 6 hours. This young culture was centrifuged, 
washed, and resuspended in an equal volume of the sterile basal medium. 
0.1 ml. of this suspension was used to inoculate 10 ml. of the medium. 

Medium—A semisynthetic medium developed in this laboratory sup- 
ported luxuriant growth of this organism.' The constituents of themedium 
without choline are given in Table I. Maximum growth of the Type 


* The data are taken from the dissertation submitted to the Faculty of the Gradu- 
ate School, University of Cincinnati, June, 1943, in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy. 

t Christ Hospital Fellow in Biological Chemistry, University of Cincinnati. 

1 Details of this medium will appear in a separate paper. 
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III pneumococcus was obtained in this semisynthetic medium with 
the addition of 5 y of choline chloride per ml. of medium. The addition of 
choline chloride of from 0.1 to 5 y per ml. resulted in a corresponding in- 
crease in growth as measured turbidimetrically. No measurable growth 
occurred when the choline was omitted. Stock solutions of the vitamins, 
except ascorbic acid, were made up separately in such concentrations that 
0.1 ml. of each was sufficient for 10 ml. of medium. The ascorbic acid was 
weighed and added to the medium just before autoclaving. 


TaBLe I 
Semisynthetic Medium for Type III Pneumococcus 





Basal medium* 


Vitamin-free casein hydrolysate, gm. N....................-... 0.5 
KH:PO,, Se ie ee ee i ee 5.0 
MgSO,-7H,0, gm. SF DEMRUERE AL st a0o KeUbes betes bet revase sme 0.4 
Cystine, mg.. to i AA do See 25.0 


Distilled water to make 800 ml. 
Added to 8 ml. portions of basal medium 





NSN EE RE EOS TE SE 10.0 
Nicotinic acid, y......... ET ee ee ee ee 10.0 
Biotin (crystalline), + Fon iia dale dame ass tekcn Cede eos 0.01 
Thiamine, y.. Deets uvewe ees tteritavesce nave det 20.0 
eee ee A) yee ae ee ee ee ee ee 50.0 
Ascorbic acid, mg... a ee OPT ee eee 3.0 
Dextrose,t mg....... Pike eli a:sciliana steht biker Wore vitisialiea ects A 50.0 





* The pH of the basal medium was adjusted to 7.8; the mixture was heated to 
boiling, filtered while hot, and stored in the refrigerator at least 2 days before use. 
t Added to the medium after autoclaving. 


Procedure 


The growth tests were carried out in Pyrex test-tubes which had been 
matched in the turbidimeter. The compound to be tested was added to 
these tubes in molecular concentrations equivalent to 5 y of choline chloride 
per ml. of medium. The medium was then added, the volume brought 
up to 10 ml. with distilled water, and the tubes autoclaved for 15 minutes at 
10 pounds pressure. The sterile glucose was added aseptically and the 
tubes inoculated. If growth resulted, the experiment was repeated until 
the concentration at which maximum growth occurred was determined. 
If no growth resulted from the addition of the compound, a wider range of 
concentrations was tried. 

The compounds in concentrations equal to 5 y of choline per ml. were 
also added to tubes containing suboptimal and optimal concentrations of 
choline to test the additive as well as any stimulating or inhibiting effects. 
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None of the compounds tested inhibited or accelerated growth in the pres- 
ence of optimal concentrations of choline. 

Measurement of Growth—Growth was measured turbidimetrically in a 
comparator described by Krebs et al. (2). The turbidity which developed 
in tubes containing the various compounds was compared after 12 hours 
incubation with that produced in tubes containing 0, 1, 3, and 5 y of choline 
chloride per ml. Where there was slight or no growth, the cultures were 
allowed to incubate at least 36 hours to allow time for slow utilization to 
become apparent. Since the amount of activity shown within 12 hours 
was unaltered qualitatively or quantitatively on further incubation, only 
the results of the 12 hour incubation period are given here. 

Source of Compounds—We are indebted to Dr. Halvor Christensen for 
the calcium salt of the phosphorylcholine chloride; to Dr. V. du Vigneaud 
for the diethylmethyl-8,y-dihydroxypropylammonium chloride, a,a-di- 
methylcholine chloride, triethylcholine chloride, and dimethylethylhy- 
droxyethylammonium chloride; to the Carbide and Carbon Chemicals 
Company for the tetraethanolammonium hydroxide, a-ethyl-a-hydroxy- 
methylethanolamine, N-phenylethanolamine, diethylethanolamine, di- 
methylethanolamine, methyldiethanolamine, and diethanolamine. The 
ethanolamine, N-acetylethanolamine, 8-methoxyethylamine, triethanol- 
amine, and y-diethylaminopropanol were obtained from the Eastman 
Kodak Company ; a-methyl-a-hydroxymethylethanolamine, a,a-dihydroxy- 
methylethanolamine, and a,a-dimethylethanolamine from the Commercial 
Solvents Corporation; acetylcholine chloride, acetyl-8-methylcholine chlo- 
ride, carbamylcholine chloride, urethane of 8-methylcholine chloride, and 
glycine from Merck and Company, Ine. 


Results 


The results have been summarized in Tables II to IV, where the com- 
pounds tested have been arranged according to the atom of the ethanola- 
mine moiety on which substitution occurs. The concentration producing 
maximum turbidity is given both in micrograms per ml. of medium and 
in choline equivalents. The turbidity obtained with this most effective 
concentration is expressed as percentage of the turbidity obtained with 
5 y of choline chloride. 

Substitution on Nitrogen Atom—An analysis of the relative activities of 
the compounds obtained by substitution on the nitrogen atom of the 
ethanolamine moiety indicates that the trimethyl groups of the nitrogen 
atom in the choline molecule are not the essential part. Replacement of 
any one or all of the trimethyl groups with ethyl groups does not alter the 
ability of the molecule to produce growth. Whether the nitrogen is pri- 
mary, secondary, tertiary, or quaternary seems to have no relation to the 
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growth activity. The greater activity of the di- and triethanolamine over 
the monoethanolamine and tetraethanolammonium hydroxide is difficult 
to explain. Ethanolamine from two different sources was tested, as well 
as some repurified by crystallization of the oxalate. The results confirmed 
those given and thus eliminate the factor of possible impurity. On a 


TaBLe II 


Activity of Choline Derivatives on Growth of Type III Pneumococcus. Substitution on 
Nitrogen Atom 





Most 


afiec- Choline 
Compound Structural formula tive |Chloride 
equiva- 

concen- | “Tents 


tration 


Activity 


¥ per vy per | per 
mil. 








mil. cent® 
I. Choline chloride (CH;);N (CI)—CH.—CH.—OH 5.0 5 100 
II. Dimethylethanol- 
amine (CH;)2.N—CH.—CH.—OH 3.2 5 | 100 
III. Methyldiethanol- | 
a CH,;—N (CH,;—CH;—OH), 4.2 5 =: 100 
IV. Triethylcholine 
chloride...... (C,H;)3;N (C1) —CH.—CH.—OH 6.0 5 100 
V. Diethylethanol- 
amine iii (CsHs),.N—CH,—CH,—OH 4.2 5 | 100 
VI. Dimethylethyl- | 
hydroxyethyl- 
ammonium chlo- | 
ride od (CH;)2(C.2Hs)N (CI)CH.—CH,—OH | 5.5 5 | 100 
VII. Ethanolamine... NH,—CH.—CH:—OH 22 50.) O80 
VIII. Diethanolamine . NH(CH.—CH.—OH), 7.5 10 95 
IX. Triethanolamine N(CH.—CH.—OH); 6.4 5 95 


X. Tetraethanolam- 
monium hy- 


droxide HO—N (CH.—CH,—OH), 30 20 85 
XI. N-Acetylethanol- | 

aminet CH;—CO—NH—CH,—CH,—OH | 32 50 | 23 
XII. Phenylethanol- 

ee C,;H;—NH—CH,—CH.—OH | ot 


* Per cent of turbidity obtained with 5 y of choline chloride per ml. of medium. 


+ Added after autoclaving. 
t No growth was obtained over a range of 1 to 50 y per ml. of medium. 








molecular basis, approximately 10 times as much ethanolamine as choline 
is required to produce maximum growth. The slight activity of N-acetyl- 
ethanolamine is probably due to ethanolamine formed by hydrolysis of 
the acetyl group in the slightly alkaline medium. Substitution of a phenyl 
group on the nitrogen results in a completely inactive compound. 
Substitution on a-Carbon Atom—Substitution on the a-carbon atom pro- 
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TaBte III 


Activity of Choline Derivatives on Growth of Type IIT Pneumococcus. 


a-Carbon Atom 


187 


Substitution on 





XIII. 


XIV. 


XV. 


XVI. 


XVII. 


XVIII. 


XIX. 


XX. 











Most Choline | 
Compound Structural formula tive chloride) 4 crivity 
concen- any 
| tration | ‘*"*s 
| vy per | y per | per 
ml. mi. cent* 
. Choline chloride | (CH;)sN(Cl)—CH;—CH,—OH 5.0) 5 | 100 
a-Ethylethanol- | NH.—CH—CH.—OH 5.1 7.5) 80 
amine 
| C.H,; 
2-Nitro-1-butanol | NO.—CH—CH,—OH OT 
| | 
CoH; 
a-Ethyl-e-hydroxy-| CH,OH 
methylethanol- 
amine NH.—C—CH,—OH 16 20 100 
C.Hs 
a-Methyl-a-hy- CH,OH 
droxymethyl- 
ethanolamine NH.—C—CH,—OH 28 40 90 
CH; 
a,a-Dihydroxy- | CH,OH 
methylethanol- 
amine NH,—C—CH,—OH 40 50 5 
CH.OH 
a,a-Dimethyl- CH; 
ethanolamine 
NH.—C—CH,—OH 37 50 31 
CH; 
a,a-Dimethyl- CH; 
choline chloride | 
(CH;);N (Cl) —C—CH,—OH 6.0 5 20 
\, 
Serine NH,;—CH—CH,—OH ot 
| COOH 











* Per cent of turbidity obtained with 5 y of choline chloride per ml. of medium. 
+t No growth was obtained over a range of 1 to 50 y per ml. of medium. 


duces compounds of varied activity. 


The substitution of an ethyl group 


produces a compound (No. XIII, Table IIT) almost as active as choline. 






































: Taste IV 
i Activity of Choline Derivatives on Growth of Type III Pneumococcus. Substitution on 
: 8-Carbon Atom 
Most Choline 
f Compound Structural formula ie chloride Activity 
concen |*quivs 
tration 
} ¥ per y ber per 
f ml. | mil ceni* 
, I. Choline (CH,)sN (Cl)—CH,—CH;—OH 5.0; 5 | 100 
‘ chloride 
XXI. Ethylamine NH,—CH,.—CH; Ot 
, XXII. Ethylenedi- NH,.—CH.—CH;—NH, Ot 
amine 
XXIII. Glycine NH.—CH.—COOH Ot 
XXIV. Sareosine | CH;—NH—CH.—COOH OF 
XXV. Betaine (CHs)s N—CH,.—( ‘Oo OT 
-—()—— 
y XXVI. 8-Methoxy- NH,—CH,—CH.—O—CH; Ot 
i ethylamine | 
4 XXVII. Urethane of 8- (CH;);N—CH.—CH—O—CO Ot | 
methylcho- | | | 
line chloridet Cl CH; C.H; | 
XXVIII. Carbamyleho- | (CH;);N—CH.—CH.—O—CO—NH, Ot 
line chloridet (Cl) 
XXIX. Acetylcholine | (CH;);N—CH.—CH,—O—CO—CH; 5 7 
chloridet (Cl) 
XXX. Acetyl-8-meth- | (CH3);N(C]l)—CH:—CH—O—CO 5 7 
ylcholine | 
chloridet CH; CH; | 
XXXI. Phosphory!- (CH3)3N (C1) —CH.—CH; ! Of } 
choline 
chloride O—PO;Ca 1 
(Ca) ] 
XXXII. y-Diethyl- (C,Hs).N—CH,—CH,—CH,—OH 5.8 6 | 100 ( 
aminopro- ; 
panol 
XXXIII. 8,y-Propane- | (C,H;);,N—CH.-CH—CH:—OH | 10.0. 10 | 100 
diol-a-di- f 
ethylamine OH 
XXXIV. Diethylmethyl-| (C,H;).(CH;)N—CH.,—CH—CH, | 7.0 5 20 I 
8, y-dihy- | 
droxypropyl- | Cl OH OH 
ammonium | 
: chloride 8 
| XXXV. Carnitine (CH;)3;N (OH)—CH,—CH—CH, ot ] 
OH COOH , 
* Per cent of turbidity obtained with 5 y of choline chloride per ml. of medium. 0 
, t No growth was obtained over a range of 1 to 50 y per ml. of medium. a 
2 t Added after autoclaving. " 
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However, when the remaining hydrogen is replaced with a methyl] alcohol 
group (Compound XV, Table III) the concentration must be increased 
4 times to produce equivalent growth. When the ethyl group is replaced 
with a methyl group (Compound XVI, Table ITI), the concentration must 
be increased 8 times to obtain maximum growth. A further decrease in 
activity results from the substitution of two methyl or two hydroxymethyl 
groups on this carbon atom (Compounds XVII, XVIII, and XIX of Table 
III). The carboxyl group in serine makes this compound inactive. 

Substitution on B-Carbon Atom—The relative activities of the compounds 
in which the 8-carbon atom is substituted emphasize the structural spec- 
ificity of choline and ethanolamine. This pneumococcus cannot synthesize 
the needed substance by oxidizing ethylamine or reducing glycine or 
sarcosine. Neither can the organism hydrolyze the ester or ether linkages 
through the hydroxyl group. The activity of the acetyl compounds is 
probably due to their hydrolysis to choline in the slightly alkaline medium. 
The high activity of the two homologues (Compounds XXXII and X XXIII, 
Table IV) is interesting as well as surprising. * The difference in the ac- 
tivities of the two dihydroxy compounds (Nos. XXXIII and XXXIV, 
Table IV) is unaccountable, unless it could be due to differences of con- 
figuration of the asymmetric carbon atom. 


DISCUSSION 


From the results given above it is seen that this pneumococcus requires 
a molecule containing a N—C—C—OH or N—C—C—C—OH linkage. 
Substitution of ethyl or methyl groups on the nitrogen or a-carbon atoms 
increases the activity, except in the case of the a,a-dimethyl and dihydroxy- 
methyl! derivatives, in which case the activity is decreased. The addition 
of a phenyl or acetyl group to the nitrogen atom or a carboxyl group to 
either carbon atom inactivates the molecule. It is necessary that the 
hydroxyl group remain free, since any substitution of or through this 
group results in loss of activity. 

The inactivity of ethylamine, glycine, sarcosine, carnitine, and serine 
precludes the suggestion that choline or ethanolamine is required as a 
precursor of these substances. 

From this study several conclusions may be drawn as to the mode of 
action of choline and ethanolamine in the nutrition of this pneumococcus. 
Experimental evidence of the action of choline in animal metabolism sug- 
gests at least three different functions: (1) as a source of labile methyl 
groups, (2) as a precursor of acetylcholine, and (3) as an essential constituent 
of the phospholipids. The activity of triethylcholine, diethylethanol- 
amine, and similar compounds plus the inactivity of methionine, betaine, 
phosphorylcholine, and other compounds containing labile methyl groups 
provides evidence that the réle of choline in the pneumococcal metabolism 
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is not that of transmethylation. The inactivity of acetylcholine indicates 
also that choline is not the precursor of acetylcholine. 

The fact that ethanolamine can replace choline suggests the formation 
of phospholipids as the most likely explanation of the action of choline 
in pneumococcal metabolism. It has not yet been demonstrated that the 
pneumococcal cell contains phospholipids, but it has been shown that 
phospholipids are present in other bacterial cells (3, 4). 

Ethanolamine may be converted by the organism to choline or perhaps 
the two compounds function independently to form two phospholipids such 
as lecithin and cephalin. The fact that ethanolamine is required in 10 
times the concentration for equivalent growth does not offer evidence for 
either mode of action, except to indicate that choline is probably not de- 
methylated to form ethanolamine. It has been observed that in the ethan- 
olamine cultures the organisms consistently grew in long chains, while 
no chains were found in cultures containing choline or choline plus ethanol- 
amine. That substitution of ethanolamine for choline does not alter the 
cellular metabolism to any great degree was demonstrated by the main- 
tenance of virulence after twenty subcultures in the semisynthetic medium 
containing ethanolamine in place of choline. 

If choline and ethanolamine go to form phospholipids in the pneumococcal 
cell similar to those found in animal cells, it is rather surprising that phos- 
phorylcholine is inactive. However, the phospholipid synthesis may 
require a free hydroxyl group on the choline or ethanolamine molecule. 

There is no correlation between the activity of the various choline de- 
rivatives and related compounds in promoting growth of pneumococci and 
their action in the prevention of perosis and promotion of growth of 
chicks, the promotion of growth of rats on a diet containing homocystine 
but lacking in methionine, and the prevention of fatty livers and hemor- 
rhagic kidneys in rats, as summarized by Moyer and du Vigneaud (5). It 
is interesting to note that only in the pneumococcal nutrition has ethanol- 
amine been shown to replace choline. 

It is quite possible that the function of choline and ethanolamine in 
pneumococcal metabolism is entirely different from any of the known réles 
in mammalian metabolism. This fact alone makes the continued study 
of choline metabolism of the pneumococcus of interest. 


SUMMARY 
Some thirty-five different compounds related to choline have been tested 
for their growth-promoting activity for a Type III pneumococcus, grown 
in a semisynthetic medium. It was found that active compounds con- 
tained a N—C—C—OH or N—C—C—C—OH linkage. Substitution of 
or through the hydroxyl group resulted in complete inactivation of the 
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molecule. Of all the naturally occurring compounds tested, only ethanol- 
amine was able to support the growth of this pneumococcus in the absence 
of choline. On a molecular basis ethanolamine was required in 10 times 
the concentration of choline for maximum growth. The possible réle of 
choline in pneumococcal metabolism has been discussed. 
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Since the demonstration of the antagonistic action of p-aminobenzoic 
acid (PAB) toward the activity of the sulfonamides and of its requirement 
by several species of microorganisms, there is much interest in methods for 
the determination of this substance. The available chemical methods do 
not possess sufficient sensitivity for use on natural materials. Landy and 
Dicken (1) have described a microbiological assay using Acetobacter sub- 
orydans as the test organism. Also Lewis (2) has presented a method in 
which Lactobacillus arabinosus 17-5 is employed. Rubbo et al. (3), Park 
and Wood (4), and MclIlwain (5) have reported the use of Clostridium 
acetobutylicum in a semiquantitative manner. Thompson et al. (6) have 
developed an assay with an “aminobenzoicless’’ mutant of Neurospora 
crassa developed by Tatum and Beadle (7). 

In this paper we will describe the determination of PAB by the growth 
response of Clostridium acetobutylicum Strain S89. The chief advantage of 
this method is the short incubation time, 20 to 24 hours, required. The 
error is of the order usual in microbiological assay; 7.e., +10 per cent. 


EXPERIMENTAL 


Culture—Clostridium acetobutylicum Strain 89 is used as the test organism. 
This strain will attain maximum growth on a basal medium of glucose, 
ammonium phosphate (dibasic), salts, biotin, and PAB (8). However, 3 
days are required for maximum growth on this lean medium. An effort 
was made to reduce the growth period by the use of suitable supplements. 

The optimum concentration of phosphate ion and of NH; was 0.05 to 
0.10 per cent. Addition of a reducing agent shortened the lag phase; 
sodium hydrosulfite was the best. The addition of 5 mg. per 10 cc. of a 
“PAB-free” casein hydrolysate (described below) plus cystine and trypto- 
phane reduced the time required for maximum growth to 24 hours. This 
supplement could be replaced by a mixture of eighteen amino acids. On 
the casein hydrolysate-basal medium, concentrations of Na,SO, or NaCl 
up to 20 mg. per cc. had no inhibitory effects. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station and supported in part by a grant from the Wisconsin Alumni 
Research Foundation. 
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The stock culture is carried on sterile soil and each week a loopful is 
inoculated into a medium consisting of glucose, ammonium phosphate 
(dibasic), ammonium acetate and salts (all at one-half the concentrations 
given in Table I), and 0.5 per cent peptone. After 24 to 30 hours incuba- 
tion, 4 drops of this culture are added to a tube containing 5 ec. of the basal 
medium, 0.005 7 of PAB, and water to make 10 ce. When 18 to 24 hours 
old, 1 drop is added to each tube of the assay. For assays on successive 
days, inoculum may be prepared by inoculating another tube of the stock 
medium. The first to fourth transfers on this medium can be used. More 
transfers on the stock medium may result in a weakened culture and hence 
it is best to start again from the soil spore stock. Centrifuging and resus- 
pending the cells, even when freshly sterilized basal medium was used as 


TaBLe I 
Composition of Basal Medium 





ee, ee BOD Obiile «5 on tne vin cnencpd dee’ sv cvccvcvcowseses | 4.0 
Ammonium phosphate (dibasic), gm. per 100 cc... ............. 0.2 
Ammonium acetate, gm. per 100 cc........ pane udoeseense's | 0.4 

Salt mixture,* gm. per 100 cc........ Le cace} Ountvcctau 0.2 
“PAB-free” casein hydroly sate, cc. per » 100 Sra nee er 1.0 (100 mg.) 
Cystine, mg. per 100 66... .. 1... ceecscss L stoping SRE Sd babe ¥ bh | 20 
Tryptophane, mg. per 100 cc... .... 2.6.4... oe annde thitesae | 15 
Biotin, y per 100 cc............. hie daaahees erre | 0.2 
Na,SsO,-2HO, mg. per 100 c€... 2... cece ence eens 10 
Reduced iron, mg. per tube............ weeeel 5 


* Salt mixture: K,HPO, 10 gm., KH.PO, 10 gm., MgSO,- 7H,0 4.0 gm., NaCl 0.2 
m., MnSO,-4H,0 0.2 gm., FeSO,-7H,0 0.2 gm. 








the suspending fluid, caused an increased lag in growth. By bringing up 
the inoculum on the synthetic stock medium it is possible to avoid this 
centrifugation, as the amount of PAB added in 1 drop is negligible (about 
0.03 millimicrogram). 

Basal Medium—The constituents of the basal medium are given in Table 
I. A stock solution is prepared containing the ammonium phosphate 
(dibasic), ammonium acetate, salt mixture, casein hydrolysate, cystine, 
and tryptophane. The cystine is previously dissolved with the addition 
of a minimum amount of HCl. This solution is slightly turbid, but it is 
unnecessary to filter it. A stock solution of biotin (crystalline material, 
S. M. A. Corporation) is prepared containing 0.25 y of biotin per cc. Both 
stock solutions are stored in the refrigerator with added toluene and chloro- 
form. In the preparation of 1 liter, for example, of the basal medium, 40 
gm. of glucose and 8.0 cc. of biotin solution are added to 500 cc. of the salts- 
casein hydrolysate mixture, the solution is adjusted to pH 6.7 + 0.1, and 
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diluted to 1 liter. Just before use, 100 mg. of sodium hydrosulfite are 
added. 

PAB-Free Casein Hydrolysate—100 gm. of Labco ‘‘vitamin-free” casein 
are refluxed 20 hours with 1 liter of 20 per cent HCl. The hydrolysate is 
reduced in vacuo to a thin syrup, 300 cc. of water added, and the water again 
removed. This is repeated twice, the resulting syrup dissolved in water, 
brought to pH 4 with NaOH, and diluted to 1 liter. 

100 ce. of this hydrolysate are stirred with 2 gm. of norit for 30 minutes 
ona steam bath, then cooled, and filtered. While the norit removes much 
of the PAB, the filtrate is not sufficiently low in this factor to permit its 
use in the basal medium. The solution is brought to pH 2 with H.SO, and 
continuously extracted with ether for 24 hours. Longer extraction removes 
so much of the stimulatory amino acids that maximum growth is not 
attained in 24 hours. The residue is brought back to 100 cc.; thus 1 ce. 
is equivalent to about 100 mg. of casein. This extracted material is suit- 
able for use and is stored at pH 2 in the refrigerator. 


Procedure 


Bacteriological test-tubes (19 X 150 mm.) are used for the assay. Ap- 
proximately 5 mg. of reduced iron are first added to each tube. Appropri- 
ate aliquots of the standard PAB solution and of the materials to be assayed 
are placed in the tubes, and water is added to bring the volume to 5 ce. 
The basal medium is made up just before use and 5 cc. are added to each 
tube. The tubes are plugged with cotton and autoclaved 15 minutes at 
15 pounds pressure. : 

After autoclaving, the tubes are cooled and inoculated as described 
earlier. An anaerobic jar is prepared by filling a suitable container one- 
fourth full of oats and adding just enough water to cover the oats. The 
assay tubes are placed in the jar and a glass top is sealed on with plasticine. 
The respiration of the oats removes the oxygen and establishes a partial 
pressure of CO,. The jar is placed in the incubator at 37° for 20 to 24 hours. 

After incubation the tubes are shaken well, their contents are transferred 
to Evelyn tubes, and the turbidity is read in an Evelyn photoelectric colori- 
meter with a 660 my filter against the uninoculated basal medium set at 100. 
PAB values may then be read from the standard curve. 

Standard Curve—The assay range is approximately 0.3 to 1.5 millimicro- 
grams of PAB per tube. A standard solution containing 0.5 y of PAB per 
ce, is diluted to 0.5 millimicrogram perce. Aliquots of 0, 0.5, 1.0, 1.5, 2.0, 
2.5, 3.0, 3.5, 4.0, and 5.0 cc. are used, and a standard curve (Fig. 1) based 
on turbidities resulting from growth with these additions is drawn. A 
fresh standard solution of PAB is prepared each month. 

A reference dry material is run with each assay as an additional check of 
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the standard and of the completeness of the medium. A Difco yeast ex- 
tract has been used and assays 80 y of PAB per gm. Any assay in which 
the PAB content of this preparation is not within +10 per cent of this 
value is discarded. This material is stored in a desiccator and a fresh 
solution is made up monthly, preserved with toluene and chloroform, and 
kept in the refrigerator. The reference material serves as a check on the 
potency of the culture and on the PAB standard. 

Great care must be taken to keep all of the constituents of the medium 
free of PAB. All glassware should be cleaned with dichromate cleanipg 
solution. Also the handling of PAB in the laboratory should be kept to 
a minimum. After the preparation of a series of PAB derivatives our 
laboratory became contaminated with it. The culture apparently no longer 
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Fic. 1. Response of Clostridium acetobutylicum to added p-aminobenzoic acid 


needed PAB, and only after repeated cleaning of the laboratory and equip- 
ment could the assay be made to work satisfactorily. Most samples of 
cystine contain PAB and should be checked before use. 

Specificity of Assay—The activity of compounds related to PAB for the 
test strain has been reported (9). p-Nitrobenzoic acid has equal molar 
activity, and procaine about 10 to 20 per cent activity. p-Aminophenyl- 
acetic acid has a maximum activity of 0.002 per cent. The methyl and 
ethyl esters and acetyl and benzoyl derivatives show only traces of activity. 

Freeing of PAB from Natural Materials—Many investigators have re- 
ported the occurrence of sulfanilamide inhibitor (PAB or its equivalent) 
in a bound form in various natural materials. Acetylation (10) or other 
conjugation (11, 12) of PAB are known to occur on feeding or injecting 
animals. Blanchard (13) found, on autolysis of bakers’ yeast, increases 
in the PAB which could be isolated and in the total diazotizable amines 
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present. Lewis (2) observed increased PAB values after autoclaving with 
1 xn NaOH. Mellwain (5), using Clostridium acetobutylicum, obtained 
maximum plasma PAB values on autoclaving with 1 Nn HCl. 6 Nn H.SO, 
for 1 hour at 15 pounds pressure gave optimum release of PAB when the 
Neurospora assay was used (14). 

We have studied the liberation of PAB from liver by autolysis, enzyme 
hydrolysis, acid, and alkali. For all of the experiments a dried powdered 
liver sample (Liver A) was used. 

Data on the liberation of PAB by enzymes is given in Table II. Autol- 
ysis of fresh Liver A or treatment with trypsin actually lowered the PAB 
potency from that of a water extract. Other enzymes yielded some in- 
creases, 2 maximum of 50 per cent. 








TaBLe II 
Liberation of PAB from Liver A by Enzymes 
°) Treatment PAB 
Y per gm 
renee The. 0 Ue. ......scsnasdue nad ebeceeane eases 1.6 
Autolyzed, 37°, 3 days, toluene + CHCls...................... 0.8 


Trypsin, 37°, 6 days, fresh enzyme daily....................... 0 
EE Me OF Oy BEN ME s. 0 0.0050 0s cddivscisasdhhnmeen eee eanee 1 
i. ey. Gilles bc aPmas 60db otek vou indnceeemiae 2. 
Deenneeane, SF", BA hew., OEE ES... oe iccccccsssccccsccccuaee 2 





Fig. 2 contains typical curves for the hydrolysis of liver by acid and 
alkali at 15 pounds pressure. All hydrolysates mentioned in this paper 
were brought approximately to pH 6.7 and filtered before assay. Libera- 
tion of PAB by acid is rapid; however, we have never been able to obtain 
a PAB value of more than 4.4 y per gm. by acid treatment. 2 N HCl for 
1 hour gave optimum values. HCl has generally given higher values than 
H,SO,. When acid hydrolysis was continued for longer than 1 hour, 
destruction of the vitamin became apparent. Recovery of PAB added 
before hydrolysis with 2 n HCl was 70 per cent at 1 hour and 50 per cent 
at 6 hours. 

Alkaline hydrolysis at 15 pounds pressure is slower, but gives markedly 
higher final values. The curve for 2 N NaOH had not reached a plateau 
even at 20 hours. 5 N NaOH gave a maximum PAB content of about 
9.0 to 9.5 y per gm. after 8 to 12 hours of hydrolysis. Some destruction 
was noticeable on longer treatment. Recoveries of PAB added to Liver A 
before alkaline hydrolysis were good. 90 per cent recovery was obtained 
after 20 hours autoclaving with 2 nN NaOH, and 109 per cent and 95 per 
cent after 4 and 8 hours respectively with 5 n NaOH. 

To obtain maximum values in more reasonable periods of time, hydrolysis 
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at 75 to 80 pounds pressure was tried. Fig. 3 shows these results. With 
the higher pressure the maximum PAB liberation occurred in | hour with 
5 x NaOH. In separate experiments under these conditions PAB added 
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Fic. 2. Liberation of p-aminobenzoic acid from Liver A 
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Fie. 3. Hydrolysis of Liver A at 75 to 80 pounds pressure. 50 mg. samples in 3 cc. 
of water or alkali were used. 


before hydrolysis was recovered 92 and 100 per cent. Hydrolysis at high 
pressure with 0.1 N acid was ineffective and destruction occurred. 0.1 N 
HC! for 1 hour gave a PAB value of 0.85 y per gm., while 0.1 nN H,S8O. 
yielded 1.25 y per gm. 
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The PAB of some water-soluble materials is also largely unavailable to 
the test organism (Table III). A water solution of the reference Difco 
yeast extract, while containing a large amount of bound PAB, did not 
change noticeably in potency on standing for 2 months at refrigerator 
temperature; hence hydrolysis does not appear to have occurred under 
these conditions. Acid or alkaline hydrolysis of a water extract of Liver A 
caused large increases in PAB values. A maximum of 6.7 y per gm. was 
reached. Also the assay of an HCl hydrolysate (2 nN, 1 hour, 15 pounds) 
increased to 8.8 y per gm. after treatment with alkali, indicating that the 
acid treatment had extracted practically all of the PAB from the liver but 
had not rendered it available. 











Tas.e III 
Liberation of PAB from Water-Soluble Materials 
PAB, 7 per gm 
Material 2 ~ HCl, |2 s NaOH,| . 
Original | 15Ibs., | 1Sibs., || 5. NaOH, 15 lbs. 
1 hr. | 6 hrs | 
Difco yeast extract.................. 80 103 | 120 = (1 hr.)* 
Water extract of Liver A (per gm. | 
original material).................. 1.6 2.3 | 4.0 wT o.*} 
HCl extract of Liver A (per gm. | 
original material).................. 4.4 8.8 (1 “*)* 
AS otis cos ka net an stkuwae tae 0.004f 0.325f, 
“PAB-free’’ casein hydrolysate (per 
gm. original material)............. 0 0.24 (1 hr.) 
2.6 (5 hrs.) 
| 1.0 (10“ ) 











* 75 to 80 pounds pressure. 
t Per cc. 


The casein hydrolysate listed in Table III was the “PAB-free” material 
used in the basal medium. Subsequent alkaline hydrolysis released 2.6 
of PAB per gm. of casein, with destruction evident at 10 hours. Hydrolysis 
of urine with alkali also increased the PAB values. The acetyl derivative 
occurs here in considerable amounts. PAB recoveries of 105 to 120 per 
cent were obtained with the original and 85 to 110 per cent with the 
hydrolyzed material. These results suggest the suitability of this method 
for the determination of free and bound PAB in urine. Samples of N-acetyl 
PAB and of PAB ethyl ester were autoclaved with 2 nN NaOH at 15 pounds 
pressure. Hydrolysis of both compounds was complete after 1 hour. 
Neither of these PAB derivatives has the properties of the difficultly 
hydrolyzed form of PAB. 

Fig. 4 indicates the rate of liberation of PAB from Difco Bacto-peptone 
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by alkali. Here optimum values were obtained with 5 n NaOH by auto- 
claving for 1 hour at 75 to 80 pounds pressure. 

The possibility exists that the additional PAB produced under the 
drastic alkaline conditions is an artifact due to the conversion of some 
“precursor” to PAB. The aromatic amino acids are obvious possibilities, 
In an effort to test this, 5 mg. of tyrosine or of tryptophane were added to 
50 mg. samples of Liver A before hydrolysis with 5 n NaOH at 75 pounds 
for 1 hour. The control tube with Liver A alone assayed 8.8 y of PAB per 

















TIME (HOURS) 


Fic. 4. Liberation of p-aminobenzoic acid from peptone by NaOH. 50 mg. 
samples in 3 cc. of alkali were used. ©, 15 pounds pressure; X, 75 to 80 pounds 
pressure. 


gm. after hydrolysis, while with added tyrosine or tryptophane values of 
9.2 and 7.5 y per gm. respectively were obtained. A mixture of eighteen 
amino acids simulating hydrolyzed casein was prepared. This assayed 
0.12 y of PAB per gm. before treatment, and 0.27 y per gm. after 1 hour in 
5 N NaOH at 75 pounds pressure. When 12 mg. of the amino acid mixture 
were added to 50 mg. of Liver A before a similar hydrolysis, 9.5 y of PAB 
per gm. were found. A control tube with Liver A alone yielded 10.0 7 
per gm. These results indicate that the common amino acids are not 
acting as PAB “precursors.” 

The phenomenon of rapid but incomplete liberation of PAB by acid 
and slower but more complete action by alkali indicates the possibility that 
the liberation of at least a portion of the PAB is a two-step process. By 
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this concept, acid would hydrolyze rapidly certain linkages which alkali 
could attack only slowly. However, once these bonds had been opened 
the remaining linkages would be split more completely by alkali than by 
acid. 

To test this, an acid hydrolysate of Liver A was again hydrolyzed with 
alkali. The material had been autoclaved 40 minutes with 2 n HCl at 15 
pounds pressure. It assayed 4.1 y of PAB pergm. 80 minutes hydrolysis 
at 15 pounds pressure with 1 n, 2 nN, and 5 Nn NaOH raised this value to 5.1, 
5.7, and 8.1 y of PAB per gm. respectively. Comparable treatment of 
Liver A with alkali yields less than 3 y per gm. The figures indicate that 
alkaline hydrolysis is more rapid after a preliminary acid treatment. 

Destruction of PAB—PAB destruction during acid hydrolysis of liver and 
of casein hydrolysate has already been mentioned. Slow destruction also 
occurs on long alkaline hydrolysis (Figs. 2 and 3). PAB is generally more 
stable to alkali than to acid. In experiments with the pure material, 40 to 
50 per cent destruction occurred in 4 N HCl on autoclaving for 1 hour at 
15 pounds pressure, and 0 to 15 per cent in 2 N NaOH during 6 hours at 15 
pounds. At 75 to 80 pounds pressure over 99 per cent destruction resulted 
from use of 0.1 N HCl for 1 hour. As previously mentioned, no loss of 
added PAB during hydrolysis with 5 nN NaOH in the presence of liver could 
be demonstrated after 1 hour at 75 to 80 pounds pressure. 


DISCUSSION 


It is apparent that PAB occurs in many natural materials in an extremely 
resistant combination. Part of the PAB is in a compound resistant to acid 
hydrolysis. This is demonstrated by our inability ever to free more than 
4.4 y of PAB per gm. of Liver A by acid treatment, while alkali gives values 
up to 1l y per gm. Also the ‘“PAB-free”’ acid hydrolysate of casein (hy- 
drolyzed 24 hours with 20 per cent HCl) still contained PAB, as deter- 
mined by alkaline hydrolysis. 

While the possibility is not ruled out that the PAB obtained after alkaline 
hydrolysis is an artifact, our inability to demonstrate any increase in PAB 
after hydrolysis of the amino acid mixture either alone or added to Liver 
A argues against it. The excellent recoveries of PAB obtained with 
alkaline hydrolysis preclude explanation of this increase as conversion of 
PAB to a more active form (as in the transformation of pyridoxine to 
pseudopyridoxine (15)). 

For most materials we would recommend treatment with 5 n NaOH, 
preferably at 75 to 80 pounds pressure for 1 hour. However, it would be 
wise to investigate less drastic conditions for any new material, especially 
if the acetyl compound is the main bound form of PAB present, as in blood 
or urine. 

The values obtained by our procedures may still not be the total PAB, 
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but the conditions outlined give maximum values. The availability of 
these various forms of PAB to the animal is still unknown. 


SUMMARY 


1. A microbiological assay for PAB in which Clostridium acetobutylicum 
S9 is employed as the test organism is described. The assay range is 03 
to 1.5 millimicrograms of PAB per 10 cc. Growth is determined by tur- 
bidity at 20 to 24 hours. The accuracy is +10 per cent. 

2. The PAB in liver occurs in a bound form from which it may be freed 
by alkali, but only partially by acid. Enzyme treatment was not success- 
ful. Autoclaving at 75 to 80 pounds for 1 hour in 5 N NaOH gives maxi- 
mum PAB content. Water-soluble materials as well contain PAB in an 
unavailable form from which it is again best released by alkaline hydrolysis, 

3. PAB is rapidly destroyed during acid hydrolysis. It is relatively 
stable to alkali. 
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‘ During an investigation of nitrogen metabolism in birds (1) it was found 
that, when isotopic ammonia was administered, N“ was incorporated in 
the nucleic acids. The values obtained suggest that nucleic acids are 
synthesized even more rapidly than proteins. Since uric acid is a major 
end-product in avian metabolism, the rapid rate of nucleic acid turnover 
suggested that it may play an intermediate réle in the general nitrogen 
metabolism. The present investigation deals with the interrelationship 
of purines, pyrimidines, and creatine and their possible function as pre- 
cursors for nucleoproteins. 

If dietary purines can serve in the synthesis of nucleoproteins, adminis- 
tration of isotopic purines must result in their deposition in the nucleic acids 
as an intermediary step and, finally, in their appearance as nitrogenous 
end-products. Since the nucleic acids also contain pyrimidines, a similar 
reasoning applies to the metabolism of these substances. The classical 
feeding experiments of Cerecedo and coworkers (2-6) indicate that, with 
the exception of cytosine, which is poorly absorbed, these compounds are 
oxidized and excreted as urea and oxalic acid. 

The nitrogen of isotopic guanine, when administered to rats, is excreted 
as allantoin and, to an almost insignificant extent, as urea and ammonia 
(Table I). Practically no isotope could be found in the purines or pyri- 
midines isolated from nucleic acids. Essentially the same result was 
obtained with pigeons that had received isotopic guanine, the purine 
analogue in this case being uric acid. Tissue creatine, isolated as creatinine, 
contained little or no isotope marker, but the nitrogenous end-product, 
uric acid, was high. Neither the purines nor the pyrimidines isolated 
from nucleic acids showed the expected isotope concentration; dietary 
purines, therefore, do not appear to be incorporated as such into the tissues. 
When isotopic creatine was fed to rats over a period of 6 days, the allantoin 


* This work was partially supported by the aid of a grant from the Josiah Macy, 
Jr., Foundation. 
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isolated from the urine contained no N". Similarly, uric acid isolated 
from the droppings of pigeons that had received isotopic creatine (sarcosine 
as well as amidine N“*) was found to be free of isotope marker. The results 
of this experiment are given in Table II and show that the only appreciable 


Tasie I 
N™ Content of Substances Isolated after Administration of Isotopic Guanine 
The amounts of isotopic guanine administered are recorded in the experimental 
part under ‘“‘Guanine feeding,’ Experiments I, II, and III. The isotope concentra- 
tion was computed on the basis of 100 per cent in the test substance. On this basis 
the average error of a determination is +0.07 atom per cent. 





| Experiment I, | Experiment II, [Experiment Ill, 





rats rats | pigeons 
RO ee Peers oer 0.74 | 
I ok SCOR. oat 0s. eas “P i 13.9 
dn 28 ela atet sid owas Sine 7 0.54 
Combined purines........ | 0.05 0.10 0.20 
Protein hydrolysate. ... ates 0.15 
Guanine....... 4 ai 0.02 0.20 
Adenine............ } 3 | 0.2 | o12 | 
as oa. sk jan 0.32 
CO ee ; 0.22 
Glutamic acid.......... os 0.27 | 
Tissue creatine........ 0.30 | 0.25 
a | 1.30 








TaB.e II 


N™ Content of Substances Isolated after Administration of Isotopic Creatine and 
Guanidoacetic Acid to Pigeons 


The values were computed on the basis of 100 atom per cent N*™ excess in the 
test substance fed. 











| Creatine, Creatine, Guanidoacetic 

amidine N“ | sarcosine N“ aci 
edibtild ase = |. 
Combined purines... 0.33 0.03 | 0.12 
Tissue creatinine...... 3.95 2.40 2.64 
Uric acid 0.57 0.12 0.36 
Nucleic acids..... 0.21 0.15 0.03 
Average error....... : 0.10 0.10 0.10 








isotope concentration was found in the tissue creatine. The replacement 
appears to proceed at approximately the same rate as in mammals (7). 
Similar results were obtained with isotopic guanidoacetic acid. When 
this was fed to pigeons, only a negligible amount of N™ appeared in the uri¢ 
acid isolated from the droppings, but the tissue creatine contained the 
expected amount. 
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Upon administration of isotopic uracil and thymine to rats, the only 
appreciable isotope concentration was found in urinary ammonia and urea. 
The most significant result of these experiments (Table III) is the low value 
for allantoin compared to that of urea, which rules out biological conversion 
of pyrimidines to purines. 

Synthesis of Isotopic Guanine—Guanine was synthesized according to 
the procedure of Traube (8) in which, as in his improved synthesis of 
2,4-diamino-6-hydroxypyrimidine (9), guanidine was used as starting 
material. This was regarded as a convenient way of introducing isotopic 
nitrogen by way of the well established synthesis (7) of cyanamide from 
isotopic ammonia and normal cyanogen bromide. When cyanamide and 


TaBLe III 


N" Content of Substances Isolated after Administration of Isotopic Uracil and Thymine 
to Rats 


The values are computed on the basis of 100 atom per cent N™ excess in the test 
substance fed. 











Uracil Thymine 
SE DOUUNNE ss ce kcicsgc sqievdinsbiuetavawaers 0.27 
ES occ coos csv a eemah Obes th Gnat ba ce wees 0.71 1.0 
MD 5. os od b's cas bch Pew bd ans HOG Oke eee 0.01 0.09 
idk, idiini din ond 0 de/otlabhhbbichle Me a0 sie eae 1.21 1.49 
SD 56% oii do n's 0: ERS Mee alsa bteneie dens ae 0.10 
IE. anise + 9.0 ob 3 knipin SEM cies 0 ved ace eR 0.11 0.20 
DN in cuee 8 odsnd beet Baws deb sou’ sotheuteNeyes 0.32 0.28 
SD. oeesss tavecccbhe abe ee bevss 660 CERES ESTES 0.23 0.30 
SONI... au. »'xc's 6's Saw iie wale lel bo alee 0.06 
SY RONORUORER. 6.oi65co 506s cvei sb eeaeeeduneene 0.23 0.22 
Sad tics « cpngn ss 00he+ biblentaws asian Manan 0.29 0.41 








ammonium chloride (10) were heated together in ethyl alcoholic solution 
in bomb tubes at 100° for periods of 5 to 7 hours, no reaction occurred, and, 
with longer heating or higher temperatures, the cyanamide polymerized to 
dieyanodiamide. On the other hand, guanidine was readily produced by 
heating ammonium bromide and cyanamide in the presence of 1 mole of 
excess ammonia in a bomb tube for 96 hours at 100°. A reasonably pure 
product and a 96 per cent recovery of the excess isotopic ammonia were 
secured. Little or no polymerization took place, probably because the 
excess ammonia raises the pH of the solution sufficiently above that at 
which polymerization of cyanamide takes place most rapidly (11, 12); 
namely, 9.7. The addition of small amounts of bromine or iodine was 
found to catalyze the reaction. This addition was later abandoned, as 
the bromo- or iodoguanidine formed as by-products were difficult to 
remove. 
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The guanine finally prepared contained 4.03 atom per cent N™ excess 
with the isotope in the 2-amino group and the 2 pyrimidine nitrogen atoms. 

In order to establish the biological origin of substances containing ring 
systems with more than 1 marked nitrogen atom it becomes necessary to 
degrade the material and to isolate its split-products. In contrast to simi- 
lar examples reported previously the amount of starting material in our 
instance was extremely small. The amount of pure material isolated from 
nucleic acids (adenine and guanine) ranged from 50 to 150 mg., depending 
on the number of animals used. Extensive study of such degradations 
seemed necessary at the time. Strecker oxidized guanine with chlorie acid 
(13) to guanidine and parabanic acid. We were unable to perfect the 
technique of this reaction to the point where parabanic acid could be 
isolated from the oxidation mixture of 50 mg. of guanine or less, but guani- 
dine was isolated as the picrate. When this reaction was carried out with 
guanine synthesized as described above, the guanidine was found to contain 
N® in the exact amount demanded by the theory. 

Another degradation was the deamination of guanine to xanthine. 
According to the procedure of Fischer (14) xanthine was obtained in good 
yield from 50 mg. of guanine as starting material, even after purification 
through its silver salt. It contained the calculated amount of isotope 
marker. These two experiments together with the synthesis of guanine 
give sufficient proof for the correctness of the position of N™ in the molecule. 
At the same time, these experiments show that splitting of the purine ring 
system with chloric acid occurs between the 1-6 and 3-4 atoms; it also 
gives added evidence for the existence of cyanamide in its mesomeric form 
(7, 15). 

Synthesis of Isotopic Thiourea—The reaction of cyanamide and hydrogen 
sulfide (16) in acid medium with Sb.S; as catalyst was used. The final 
product was recrystallized from n-propy! alcohol until its correct melting 
point (174°) was obtained. 

Synthesis of Isotopic Thymine—Thymine was prepared from thiourea 
and ethyl formylpropionate according to the procedure of Wheeler and 
Liddle (17). Isotopic thiourea was condensed with the sodium salt of 
ethyl formylpropionate in methanolic sodium methylate solution to 
2-mercapto-5-methyl-6-hydroxypyrimidine which, when treated with 
concentrated hydrochloric acid, gave thymine in almost quantitative yield. 

Synthesis of Isotopic Uracil—Although the simplest method for the 
preparation of uracil seems to be the condensation of urea with malic acid 
(18), we have synthesized uracil from thiourea and ethyl formylacetate 
according to Wheeler and Liddle (17), because the resulting compound, 
2-mercapto-6-hydroxypyrimidine, could also be used as an intermediate 
in the synthesis of cytosine. Circumstances, however, prevented us from 
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preparing cytosine. 2-Mercapto-6-hydroxypyrimidine on treatment with 
concentrated hydrochloric acid gave uracil, 2,6-dihydroxypyrimidine, in 
94 per cent yield. 


EXPERIMENTAL 


Guanidine Hydrobromide (I)—4.77 gm. (3 moles) of isotopic ammonium 
chloride, 10.1 atom per cent N™ excess, were decomposed according to the 
procedure previously reported, special care being taken to exclude moisture. 
The ammonia was carried into a dry ice-cooled bomb tube containing 20 
ec. of absolute ethyl alcohol. A gas inlet tube, especially constructed for 
this purpose, so as to fit the bomb tube, was used. The small amount of 
ammonia that escaped was caught in a trap containing dilute sulfuric acid. 
When the absorption of ammonia in the alcohol was complete, the bomb 
tube was allowed to warm up to 0° and kept at this temperature in ice. 
A solution of 3.18 gm. of freshly prepared cyanogen bromide in 5 cc. of 
absolute ethyl alcohol was added, and the tube sealed and heated to 105- 
110° for 96 hours. 

The length of time necessary for this reaction was determined by running 
a series of experiments with non-isotopic ammonia. The tubes were 
heated to 110° for various lengths of time and the contents tested with 
ammoniacal silver nitrate for the presence of cyanamide. At the end of 
96 hours the test for cyanamide was consistently negative. 

The tube was cooled in ice, opened, cut off as straight as possible, and the 
open end fire-polished. The gas inlet tube was inserted, and the excess 
ammonia blown off by a slow stream of nitrogen and collected in an acid 
trap. 94 to 96 per cent of the excess ammonia (10.1 atom per cent N™ 
excess) could thus be collected. The clear alcoholic solution was slowly 
evaporated to dryness and the residue dried in vacuo at room temperature. 
4.02 gm. of guanidine hydrobromide were collected. Although this product 
was not analytically pure, it was found to be quite satisfactory for the 
following condensation. 

2,4-Diamino-6-hydrorypyrimidine (II)—This compound was prepared 
according to Traube (9) with methyl alcohol instead of ethyl alcohol and 
50 per cent excess cyanoacetic ester; 5.21 gm. of guanidine hydrobromide 
yielded 4.08 gm. of diaminohydroxypyrimidine sulfate. 

Alloxan-2 , 4-diimide-5-oxime (III)—This compound was prepared in 
99.8 per cent yield as described by Traube (8); 3.45 gm. of the isonitroso 
compound were obtained from 4.08 gm. of diaminohydroxypyrimidine 
sulfate. 

2,4,6-Triamino-6-hydroxypyrimidine (IV)—The original procedure of 
Traube was slightly modified to yield the sulfate directly instead of the free 
base. 3.45 gm. of the isonitroso compound were finely powdered in a large 
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agate mortar and slowly added to 50 ce. of boiling water containing 15 ce. 
of commercial ammonium sulfide. This suspension was kept boiling for 
3 hours with occasional stirring and addition of 3 to 5 cc. of ammonium 
sulfide and the necessary amount of water to keep the volume constant. 
When all the nitroso compound was reduced, the solution was immediately 
filtered. On prolonged boiling in the absence of excess sulfide the solution 
turned pink. This could not be prevented by carrying out the reaction in 
an atmosphere of nitrogen. The solution was filtered by suction directly 
into 75 cc. of 3 N H»SO, cooled in ice. 4.68 gm. (82 per cent) of triamino- 
hydroxypyrimidine sulfate were obtained in the form of light yellow 
crystals. No further purification was necessary. 


* 
n ey 
~ 7 * N * 
38NH; + BrCN — NH=C=NH oe. _a0 all 
NH; 
* 
(1) 
* . + 
NH, COOC,Hs NH—CO NH—CO 
oJ | a Som * | | 


HN=C + CH -—~ HN=C CH — HN=C C—NO 




















NH; CN NH—C—NH, NH—C—NH, 
* * + 
(II) (IIT) 
4 
/ 
iL 
* * 
NH—CO NH—CO 
ack on , 
HN=C C—NH — HN=C C—NH; 
\ 
CH 
@ 
NH—C———_N NH—C—NH; 
x 7 
(V) (IV) 


Guanine Sulfate (V)—4.62 gm. of triaminohydroxypyrimidine sulfate 
and 4.0 gm. of anhydrous sodium formate were refluxed with 50 cc. of 90 
per cent formic acid for 8 hours. The solution was filtered and evaporated 
on the steam bath. The residue was dissolved in dilute sulfuric acid, 
boiled with charcoal for 5 hours, and the product crystallized. ‘The mother 
liquors in each case were neutralized to pH 5, the precipitated free base 
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removed by filtration and redissolved in a smaller volume of dilute sulfuric 
acid, and the guanine again crystallized as sulfate. On repetition of this 
procedure, a total of 2.94 gm. of guanine sulfate was obtained. 


Analysis—(CsHsN,0)2H.SO,-2H,O. Calculated, N 32.8; found, N 32.8 


The compound contained 4.03 atom per cent N™ excess; calculated 4.04 


atom per cent N™ excess. 
* 


NH, 








* C=NH 
NH—CO 7 
* | | KCIO; / NH; 
HN=C C—NH a 4 “4 
\ 4 (1) 
| CH 
| @ \ . 
NH—C——N \ NH—CO 
. HNO, \. 
(V) \ O=C C—NH 
\ 
CH 
@ 
NH—C——N 
* 
(VI) 


Degradation of Isotopic Guanine to Guanidine—50 mg. of free guanine 
(4.03 atom per cent N™ excess) were prepared from the sulfate. The free 
base was suspended in 4.0 cc. of HCl and 32 mg. of KCIO; added in small 
amounts over a period of 1 week. At the end of this time, the solution was 
colorless and all solid material had gone into solution. It was evaporated 
to dryness under reduced pressure and extracted five times with absolute 
alcohol. The clear alcoholic solution was concentrated to 1.0 cc. A 
small amount of semicrystalline material, probably parabanic acid, was 
removed by filtration. The filtrate was evaporated to dryness, the residue 
dissolved in 2.0 ec. of water, and 2.0 cc. of saturated picric acid added. 
After the material had stood in the ice box overnight, 32 mg. of a crystalline 
picrate precipitated which, when recrystallized from hot water, gave 
analytical values corresponding to those of guanidine picrate. 


Analysis—C;H,O.N+. Calculated, N 29.2; found, N 29.4 
20 mg. of this picrate were decomposed with dilute hydrochloric acid and 
the picric acid continuously extracted with ether. Isotope analysis indi- 
cated 6.92 atom per cent N™ excess; calculated 6.76 atom per cent N™ 
excess. 
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Degradation of Isotopic Guanine (V) to Xanthine (VI)—32 mg. of guanine 
(4.03 atom per cent N™ excess) were dissolved in 2.0 cc. of 4 N sulfuric acid 
and heated in a beaker of boiling water, 24 mg. of sodium nitrite were added 
in very small amounts, and the solution neutralized and cooled in ice. 
The dark colored xanthine which precipitated was purified by transforma- 
tion into its silver salt which was decomposed with dilute hydrochloric 
acid. On neutralization to pH 5 xanthine crystallized in analytically pure 
form. It contained 3.44 atom per cent N™ excess; calculated 3.38 atom 
per cent N™ excess. 

* * + * 


(VII) 
. + + 
C,H,OCO NH; NH—CO NH—CO 


| 
C—CH, + C=s — ail en — HO—C C—CH 
| | i il 


HO—CH NH; N—CH N——CH 
. * * 
(X) (XT) 
(Thymine) 
7 * * 
NH; C,H,OCO NH—CO i a 
| ie 
HS—C + CH — HS—C CH — OC CH 
| | i | Pe 
NH HO—CH N——CH NH—CH 
* + * 
(VIII) (IX) 
(Uracil) 


Isotopic Thiourea (VIT)—2.67 gm. of isotopic cyanamide prepared ac- 
cording to the procedure previously reported (7) were dissolved in 70 ce. 
of water, and 5.34 gm. of antimony pentasulfide and 0.7 cc. of concentrated 
hydrochloric acid added.’ The mixture was heated to 90° on the steam 
bath and a rapid stream of hydrogen sulfide blown through the suspension 
for 2 hours. After removal of the excess hydrogen sulfide by boiling, the 
antimony pentasulfide was filtered off and washed with hot water. The 
filtrate was treated with 20 mg. of potassium carbonate and cleared by 
filtration through a small amount of infusorial earth. It was then evap- 
orated to dryness under reduced pressure and the residue recrystallized 
from n-propyl alcohol until its melting point was 174°. The total yield 
after concentration of mother liquors was 2.14 gm. The material contained 
5.28 (calculated 5.25) atom per cent N™ excess. 

Isotopic Thiouracil (VITI)—2.14 gm. of isotopic thiourea were added to 
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100 cc. of 95 per cent ethyl alcohol in which 1.5 gm. of sodium had been 
dissolved. To this mixture 12 gm. of powdered ethyl sodium formyl 
acetate were added and the solution refluxed for 33 hours. At the end of 
this time, 20 cc. of water were added and refluxing was continued for an- 
other half hour. The mixture was then brought to dryness under reduced 
pressure and redissolved in 40 cc. of water, chilled in ice, and acidified with 
50 per cent acetic acid. After being left to stand in the ice box overnight, 
the product was filtered off and recrystallized from 125 cc. of boiling water, 
charcoal being used to remove colored by-products. 1.57 gm. of thi- 
ouracil were obtained. 

Isotopic Uracil (IX)—The procedure employed was exactly the same as 
that described by Wheeler and Liddle (17). Analytically pure uracil was 
obtained in 96 per cent yield. The final product contained 5.42 atom 
per cent N™ excess; the calculated amount was 5.25 atom per cent N™ 
excess. 

Isotopic Thiothymine (X)—2.0 gm. of isotopic thiourea (5.28 atom per 
cent N™ excess) were condensed with 12 gm. of sodium ethyl formylpro- 
pionate in the manner described for thiouracil. After two recrystalliza- 
tions from boiling water 940 mg. of thiothymine were obtained. 

Isotopic Thymine (XI)—940 mg. of thiothymime were treated with 
hydrochloric acid as described by Wheeler and Liddle (17). 760 mg. of 
thymine were obtained. The product contained 4.88 atom per cent N* 
excess; the calculated amount was 5.25 atom per cent N™ excess.’ 


Feeding Experiments 


The experimental conditions employed in the feeding experiments were 
identical with those previously reported (7). Rats received the same stock 
diet. Pigeons received an adequate diet of mixed grains; the isotopic 
compounds were dissolved in water and administered by stomach tube 
every 6 hours. Guanine was administered as the hydrochloride, since the 
free base is insoluble in water. Urinary ammonia, urea, muscle creatine, 
and amino acids were isolated by the usual procedures. Allantoin was 
isolated according to Wiechovski (19). The isolation of purines and 
pyrimidines will be described in the following representative experiment. 

Nucleic Acids (General Procedure)—Combined internal organs (liver, 
kidney, spleen, pancreas, testes, thymus gland) were immediately minced 


1 Although somewhat exceeding the experimental error, the discrepancy between 
these values can be explained as follows: After feeding experiments and elementary 
analyses had been carried out, an extremely small amount of material was available 
for spectrographic analysis, necessitating a dilution with a known amount of normal 
nitrogenous material. The error involved in this particular incidence may well 
account for the difference of 5.25 and 4.88 atom per cent N® excess. 
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and suspended in 95 per cent ethyl alcohol overnight. The precipitate 
was filtered and extracted with absolute alcohol in a Soxhlet apparatus for 
6 hours. The alcohol was then replaced with ether and extraction con- 
tinued for another 6 hours. Adhering solvent was removed in a stream of 
dry air and the fat-free product powdered in a mortar. 100 gm. of wet 
organs usually gave about 33 to 35 gm. of dry material. A small sample 
of this powder was used for the determination of “combined purines” 
according to Graff and Maculla (20) and the rest extracted with 10 per cent 
sodium chloride. The mixture was occasionally heated on the steam bath 
with stirring over a period of 2 to 3 days and finally filtered in a steam- 
heated Buchner funnel. This extraction was repeated three times and the 
sodium salts of the nucleic acids precipitated by addition of 2.5 volumes 
of ethyl alcohol. The salts were centrifuged off and washed several times 
with absolute alcohol and ether. In this way, 2.4 to 3.0 gm. were obtained 
from 35 gm. of dry tissue. The sodium salts were dissolved in 100 ce. of 
water by warming the mixture on the steam bath and stirring at high speed. 

The solution was then placed in an ice bath (stirring continued) and 5.0 ce. 
of concentrated hydrochloric acid added drop by drop. The precipitated 
nucleic acids were centrifuged, washed with water, alcohol, ether, and 
finally with absolute ether. The product was almost pure white and 
practically free of protein; its weight was approximately one-third that of 
the original sodium salt. 

Nucleic Acid Splitting—The following representative procedure is a 
modification of the usual hydrolysis of nucleic acids (21). The procedure 
was successfully used for the isolation of guanine, adenine, cytosine, and 
thymine with as little as 450 mg. of nucleic acids. In the original study of 
the method nucleic acids prepared from beef pancreas were used, which 
were found to differ appreciably from rat nucleic acids in their relative 
adenine and guanine content. The latter was found to contain less than 
one-half the amount of adenine, with a corresponding increase in guanine 
(Table IV). 

1.0 gm. of the finely powdered and carefully dried nucleic acids was 
suspended in 12 cc. of absolute methyl alcohol and dry hydrochloric acid 
blown through the solution for exactly 3 hours. The solution turned 
wine-red, the precipitate dissolved, and finally the purines precipitated as 
hydrochlorides. The flask was stoppered (glass) and allowed to stand 
in the ice box for 24 hours. The ice-cold solution was again saturated 
with dry HCl, and the precipitate centrifuged and washed with methyl 
alcohol saturated with HCl until the washings were colorless. Combined 
washings and supernatant were set aside for the isolation of pyrimidines. 
After being dried at 100°, 300 mg. of purine hydrochlorides were obtained. 

The purine hydrochlorides were dissolved in 5.0 ce. of water and heated 
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with charcoal, filtered, and neutralized with dilute NaOH; when acid to 
litmus and alkaline to Congo red, the guanine precipitated as an amorphous 
powder. After having remained in the ice box for 3 days, it was centri- 
fuged and the supernatant solution set aside for the isolation of adenine. 
The free guanine was dissolved in dilute sulfuric acid and crystallized as 
sulfate in the manner described in the synthesis of isotopic guanine. 
Approximately 160 mg. of guanine sulfate were obtained. 

The supernatant liquid from the precipitation of guanine was combined 
with the washings and concentrated to about 3.0 cc. A small amount of 
insoluble material was removed by filtration and an equal volume of sat- 
urated picric acid added. A copious precipitate of adenine picrate formed, 
which was recrystallized from a minimum amount of 25 per cent acetic 
acid until the correct analytical figures were obtained (29.2 per cent N). 
Usually 60 to 70 mg. of adenine picrate were obtained after three recrystalli- 


Tasie IV 
Comparison of Rat and Beef Nucleic Acids 
The values given are of mg. of substance isolated according to the procedure 
outlined in the text. 
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zations; approximately 10 per cent was lost on each recrystallization. N™® 
analyses were carried out in the manner described above for guanidine 
picrate. 

The methanolic solution containing pyrimidine nucleosides was taken to 
dryness and the dark colored residue suspended in 15 cc. of 20 per cent 
HCl, sealed in a bomb tube, and heated at 185° for 3 hours. The contents 
were filtered and the filtrate evaporated to dryness. The residue was 
digested with 20 cc. of water, filtered, and acidified with 1 drop of concen- 
trated HNO;. Undesirable by-products, purines, phosphates, etc., were 
removed by addition of 5.0 cc. of 10 per cent silver nitrate, the precipitated 
silver salts carefully washed, and the combined filtrate and washings con- 
centrated to less than 3.0 cc. The bulk of thymine crystallized out in the 
form of long needles. After repeated recrystallization from water, the 
yield was 10 to 15 mg. 

.The filtrate from thymine was neutralized with barium hydroxide and 
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any precipitate which formed below pH 7 was discarded. On further 
addition of barium hydroxide pyrimidine silver precipitated together with 
some Ag,O. The precipitated silver salts were carefully washed until free 
from alkali, suspended in 20 cc. of water, and decomposed with hydrogen 
sulfide. The clear filtrate from AgeS was concentrated to 1.0 cc. and 2.0 
ce. of saturated picric acid were added. Cytosine picrate precipitated 
immediately and was recrystallized from hot water until analytically pure. 
For N™ analyses the picrate was decomposed as described above. 

Guanine Feeding. Experiment I—Four adult male rats with a combined 
weight of 1273 gm. were fed 158 mg. of guanine hydrochloride (4.03 atom 
per cent N™ excess) over a period of 3 days. The amount of guanine was 
calculated to be approximately equivalent to the amount of allantoin 
excreted. The results of this experiment are recorded in Table I. 

Experiment II—This experiment was identical with Experiment I except 
that the animals received twice the amount of guanine hydrochloride per 
kilo per day. The results are recorded in Table I. 

Experiment III—Two adult pigeons with a combined weight of 810 gm. 
were fed 54 mg. of guanine hydrochloride per kilo per day. The animals 
were killed 6 hours after the last feeding, and purines, creatine, nucleic 
acids, and uric acid were isolated. The analytical values are recorded in 
Table I. 

Creatine Feeding. Experiment I—Four adult male rats weighing 1215 
gm. were fed 44 mg. of creatine hydrate per kilo per day for6days. The 
urines from the first 4 days were pooled and allantoin isolated. The sam- 
ples of allantoin from the last 2 days of Animals 1 and 2 as well as 3 and 4 
were found to have identical isotope content; namely, 0.004 atom per cent 
N® excess. No isotope was found in the combined purines isolated from 
the internal organs. The creatinine hydrate was prepared as previously 
reported (15) and contained 3.31 atom per cent N™ excess in the amidine 
group only. 

Experiment II—Four adult pigeons with a combined weight of 1402 gm. 
were fed 60 mg. of creatine hydrate per kilo per day for 3 days. The 
creatine hydrate contained 3.31 atom per cent N™ excess, with the isotope 
marker in the amidine group only. Of the substances isolated only the 
muscle creatine contained isotope, and a degradation with baryta showed 
that all of it was located in the amidine group, the sarcosine moiety con- 
taining none. A protein hydrolysate and arginine isolated from it did not 
contain any isotope. The analytical values are recorded in Table II. 

Experiment III—Two adult pigeons with a combined weight of 872 gm. 
were fed 44 mg. of creatine hydrate per kilo per day for 3 days. The 
creatine was prepared from isotopic sarcosine and normal cyanamide and 
contained 3.34 atom per cent N™ excess. The combined purines, creatine, 
and uric acid were isolated. The results are tabulated in Table II. 
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Guanidoacetic Acid Feeding—Two adult pigeons with a combined weight 
of 710 gm. were fed 47 mg. of guanidoacetic acid (3.34 atom per cent N™ 
excess) per kilo per day for 3 days. The combined purines, uric acid, 
creatinine, and nucleic acids were isolated. The results are recorded in 
Table I. 

Uracil Feeding—Eight adult male rats with a combined weight of 265 
gm. were fed 30 mg. of isotopic uracil (5.48 atom per cent N™ excess) per 
rat per day for 3 days. The results of this experiment are given in Ta- 
ble III. 

Thymine Feeding—Four adult male rats with a combined weight of 1200 
gm. were fed 33 mg. of isotopic thymine (4.88 atom per cent N™ excess) 
per rat per day for 3 days. The results are given in Table III. 


DISCUSSION 


In investigations carried out in this laboratory over a period of 6 years, 
it has been found that the addition to the diet of substances which are 
normal tissue constituents leads to their deposition as an inseparable mix- 
ture of the preformed and dietary material. In contrast to this, the nitrog- 
enous bases of nucleic acids, the purines and pyrimidines, do not enter 
the structure of the nucleus but are immediately metabolized to their 
respective end-products. This exception to the rule is difficult to explain. 
Since these bases are metabolized in a normal fashion, it must be assumed 
that they enter the cell specific for this transformation and that the 
metabolic changes take place in the cytoplasm. This may be due either 
to a certain specificity of the nuclear membrane or the imability of the 
nucleus to utilize preformed dietary purines and pyrimidines for the 
synthesis of nucleic acids and nucleoproteins. In view of the fact that 
there is considerable evidence against the concept of two independent types 
of catabolisms, the specificity of the nuclear membrane is the more plausible 
explanation. 

The finding (Table II) that creatine and guanidoacetic acid are ineffective 
as purine precursors and are not metabolized to uric acid illustrates the 
biological inertia of creatine and its precursors in birds. In the pigeon, as 
in the rat, the conversion of guanidoacetic acid into creatine appears to be 
unidirectional. 

In contrast, the results of the pyrimidine experiments do not lead to so 
clear a conclusion. The pyrimidines themselves, although almost quanti- 
tatively absorbed when administered in small amounts, are not deposited 
in the nucleus but are immediately metabolized to urea and ammonia. It 
is entirely conceivable that the truly nuclear pyrimidines are catabolized in 
the same way but it is quite possible that they represent intermediates in 
the biological synthesis of purines in the nucleus if the starting materials are 
relatively simple substances, such as ammonia and small organic molecules. 
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The biological changes of purines and pyrimidines here reported represent 
a “cytoplasmic” catabolism and throw no light upon the “‘nuclear”’ synthe- 
sis of purines. 

The findings here reported, like those of Barnes and Schoenheimer (1) 
indicate that all amino acids except lysine (22) participate in the synthesis of 
purines, and that neither histidine nor arginine makes any outstanding 
contribution to it. The hypothetical conversion may be summarized by 
the accompanying diagram. 








Diet Excreta 
Purines — purines (allantoin) 
Nucleoproteins 
“. furea 
Pyrimidines act 
Amino acids — ammonia pool + \#™monia 





Proteins —— guanidoacetic acid ——> creatine — creatinine 


SUMMARY 


1. Isotopic guanine was prepared which contained isotopic nitrogen in 
nitrogen atoms 1 and 3 of the ring, as well as in the free amino group at 
position 2. 

2. No connection between the creatine cycle and purine and pyrimidine 
metabolism could be detected. 

3. The conversion of uracil and thymine to urea and ammonia, observed 
by Cerecedo and coworkers, was confirmed. 

4. Evidence was presented that pyrimidines are completely metabolized 
when administered in small amounts. 

5. Guanidoacetic acid was shown to be an effective creatine precursor in 
birds. It does not act as a purine or pyrimidine precursor. 

6. Neither purines nor pyrimidines supplied in the diet are utilized by the 
body for the synthesis of nucleoproteins. The belief is expressed that they 
are either synthesized within the nucleus from smaller molecules or they 
are utilized for such a synthesis if they are supplied as nucleosides, nucleo- 
tides, or nucleic acids. 


The authors are indebted to Dr. 8. Ratner and Dr. D. Rittenberg for 
their unfailing cooperation. 
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The fundamental observations of Peters (1) and his school disclosed that 
vitamin B, deficiency studied in pigeons is associated with inability to 
oxidize pyruvic acid. These observations stimulated interest in the re- 
lationship between pyruvic acid and carbohydrate metabolism. Among 
the important contributions are those of Lohmann and Schuster (2) and 
Banga, Ochoa, and Peters (3, 4) who showed that diphosphothiamine was 
the coenzyme for carboxylase. The inability to oxidize pyruvic acid in the 
absence of vitamin B,; has been examined in many species including the 
human being. Platt and Lu (5) showed that the severity of beriberi in 
human subjects could be correlated with the concentration of pyruvic acid 
in the blood. When they used exercise as a means of increasing the con- 
centration of pyruvic acid in the blood, they observed that its rate of 
removal was slackened in vitamin B;-deficient subjects (6). Wortis and 
coworkers (7) have found that in other conditions associated with acute 
vitamin B, deficiency, namely Wernicke’s syndrome and acute peripheral 
neuropathy, pyruvic acid accumulates in the blood stream. 

The normal level of pyruvic acid in the blood is low not only because the 
tissues oxidize it rapidly, but also because some of it is reduced to lactic 
acid. The observations of Stotz and Bessey (8), of Friedemann and Bar- 
borka (9), and of Klein (10) indicate a more or less constant equilibrium 
between lactic acid and pyruvic acid. In humans the ratio is approxi- 
mately 12.2 and in rats 9.4 (8). In the present observations the relation- 
ship of the concentrations of blood sugar, lactic acid, and pyruvic acid was 
determined under two conditions, first, after the injection of glucose, and 
second, after the injection of pyruvic acid. The tests were performed first 
after the dogs had been on a complete dietary. Later while these same 
animals were ingesting a diet devoid of vitamin B,, they were tested twice, 
once before they showed signs of acute deficiency and again later when they 
Were in extremis. 


* Aided by a grant from the Williams-Waterman Fund of the Research Corpora- 
tion. 
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Method 


Dietary-—Sixteen healthy adult dogs were carefully chosen. They were 
placed on the following diet similar to that of Street, Cowgill, and Zimmer- 
man (11): Labeco vitamin-free casein 23 per cent, sucrose 50, Crisco! 20, 
bone ash 4, Food Research Laboratories salt mixture (12) 3. Brewers’ 
yeast when given was added to the diet in an amount equal to 8 per 
cent of the weight of the diet. 

A portion of this diet equivalent to 90 calories per kilo was carefully 
weighed out daily for each dog, the amount recalculated weekly in accord- 
ance with change in weight. 

This vitamin-free diet was supplemented with the following synthetic 
vitamin mixture, given by capsule three times weekly per kilo of body 
weight per day: thiamine 0.05 mg., riboflavin 0.10 mg., niacin 2.00 mg., 
pyridoxine 0.06 mg., calcium pantothenate 0.25 mg., choline 50.00 mg., 
inositol 0.30 mg., p-aminobenzoic acid 0.30 mg., vitamin A 857 units, 
vitamin D 107 units. 100 mg. of vitamin C and 1 mg. of vitamin K were 
given each dog orally every 2 weeks.* 

During the control period of 54 months while the sixteen dogs were on 
the above diet supplemented with yeast and vitamins as indicated, they 
all showed a moderate gain in weight and were in excellent condition. 
They were under close observation and no difference from dogs receiving 
the standard dog diet could be detected. After this period of alimentation, 
six of the animals were retained as controls and the other ten were used 
as test animals for acute vitamin B, deficiency. Two of the controls con- 
tinued to receive the diet plus 8 per cent veast and vitamins as previously. 
The other four control dogs were matched with four of the test animals. 
Their diet contained no yeast and differed from that of the test animals 
only in that their vitamin capsules contained 50 y per kilo per day of thia- 
mine, in addition to the other vitamins, whereas the vitamin capsule of the 
test animals contained no thiamine at all. Each day the diet of the control 
dogs contained the same number of calories as were ingested by the dog 
with which they were matched on the previous day. 

Chemical Determinations—After the sixteen animals had been on the com- 
plete dietary for 34 months, control values were established for them for 
the effects of the injection of glucose on the blood levels of glucose, lactic 
acid, and pyruvic acid. In the next month, while the dogs were still on the 


1 We wish to thank The Procter and Gamble Company for their generous supplies 


of Crisco. 
2 We wish to thank Dr. Y. Subbarow of the Lederle Laboratories, Inc., Pearl River, 


New York, for his generous supplies of vitamins A and D and the eight pure synthetic 


vitamins. We wish to thank Dr. M. L. Tainter of the Winthrop Chemical Company, ° 


Inc., Rensselaer, New York, for his generous supplies of vitamins C and K. 
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same diet, control values were also established for the effect of the injection 
of pyruvic acid on the levels of glucose, lactic acid, and pyruvic acid. The 
following method was used for all experiments. A 2 cc. sample of blood 
was collected from the femoral artery in a 2 cc. syringe. 1 cc. of it was 
expressed directly into 5 cc. of cold trichloroacetic acid for pyruvic acid 
analysis by the method of Friedemann and Haugen (13); the other ce. 
was expressed into 8 cc. of Somogyi’s Solution I (14) to be analyzed for 
lactic acid by the Barker and Summerson method (15) and for glucose by 
the Hagedorn and Jensen method (16). 

The control sample was taken after a preliminary resting period of 4 
hour. For the glucose tests, the remaining samples were drawn after 15, 
30, 60, 90, and 120 minutes. After the intravenous injection of 0.5 gm. 
per kilo of freshly distilled pyruvic acid neutralized to pH 6.3, blood samples 
were collected at 5, 20, and 60 minutes. 

Three sets of tolerance tests were performed on each dog. The first 
set consisted of the control glucose and pyruvic acid tests on each of the 
sixteen dogs as mentioned above. After these had been completed, the 
ten experimental animals were placed on the vitamin B,;-deficient diet. 
3 to 8 weeks after vitamin B, had been eliminated from their diet and before 
they exhibited the neurological symptoms of vitamin B, deficiency, they 
were all subjected to the glucose test, and eight of them to the pyruvic 
acid test. Finally, the third set of tests was performed on each of seven 
animals as they manifested the severe acute signs of vitamin B, deficiency. 
This last set of experiments differed from the previous ones in that in six 
of the animals the pyruvic acid test immediately followed the glucose test, 
the 2 hour blood sample being the control for the pyruvic acid test. In 
a seventh experiment of this group, the glucose and pyruvic acid tests 
were made on two different animals; one received only the glucose test 
and the other only the pyruvic acid test, since it was deemed unwise to 
withhold vitamin B, long enough for both of these examinations. 


Results 


The results are presented in three groups (see Table I). The first group 
represents the effects of glucose and pyruvic acid injection on the blood 
glucose, pyruvic acid, and lactic acid for the first set of observations made 
on the dogs; i.e., those done while the dogs were on the synthetic diet plus 
brewers’ yeast and the full complement of vitamins. For the glucose test 
a ratio of approximately 7.4 is observed between lactic acid and pyruvic 
acid. Lactic acid rose from an average of 6.8 mg. per cent to a maximum 
average of 10.7 mg. per cent at 30 minutes and decreased to an average 
slightly below the control value in 2 hours. Pyruvie acid starting with 
an initial level of 0.9 mg. per cent went to 1.3 mg. per cent in 30 minutes 
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and returned to its original level in 2 hours. These animals all showed 
a normal glucose tolerance curve. The injection of pyruvic acid into the 
dogs at this time did not alter the level of glucose significantly. The aver- 
age concentrations of lactic acid and pyruvic acid rose, however, to 31.9 


TABLE I 


Glucose and Pyruvic Tests in Normal Dogs, Partially Depleted Dogs, and Dogs in 
Acute Vitamin B, Deficiency 


The results are expressed in mg. per cent. 









































No. | Glucose tolerance 
of | Condition of dogs 
dogs | Control | 15 min. | 30 min. | 60 min. | 90 min. |120 min. 
16 | Normal Glucose 83 | 462 | 264 | 123 95 93 
Lactic acid 6.8} 10.0} 10.7} 7.9} 7.0) 6.2 
Pyruvie “ Cn sm Sa a3 1.1; 0.9 
| Lactie-pyruvic 7.9 8.2) 8.0) 6.9) 6.5) 6.8 
10 | Thiamine-defi- Glucose 130 | 639 | 355 | 191 131 | 113 
cient; no symp- | Lactic acid 12.5) 16.4) 20.5) 18.0) 15.4) 13.2 
toms | Pyruvie “ 2.1; 2.6 2.9 2.6, 2.2) 2.1 
| Lactie-pyruvic 5.8} 6.2; 7.2) 7.0| 6.9 5.4 
7 | In extremis | Glucose 199 | 670 | 481 | 365 | 289 | 249 
| | Lactic acid | 67.5) 77.4] 76.3} 65.9] 61.1] 56.2 
| Pyruvie * 6.3} 7.0| 7.0: 6.5) 5.9) 5.7 
Lactic-pyruvic 10.7; 11.0) 10.8 10.2) 10.44 9.8 
Pyruvic acid tolerance 
Control 5 min. 20 min. | 60 min. 
16 | Normal | Glucose Page ae 89 90 
| Laetie acid 6.8 31.9 17.2 | 7.4 
| | Pyruvie ‘ 0.9 16.3 2.6 1.2 
| | Lactie-pyruvic 7.5 1.9 6.6 6.1 
8 | Thiamine-defi- Glucose 157 135 124 122 
| ecient; no symp-| Lactic acid 14.3 53.4 52.6 25.3 
| toms | Pyruvie “ 2.2 35.9 9.5 4.9 
| Lactie-pyruvic 6.6 1.5 5.7 5.2 
7 | In extremis | Glucose 227 2 | ~«208 182 156 
| Lactic acid 57.6 97.2 90.7 04.4 
| Pyruvic “ 5.6 63.1 13.1 7.7 
| | Lactie-pyruvie 12.8 1.5 6.9 | 12.8 





and 16.3 mg. per cent respectively, and decreased to 7.4 and 1.2 mg. per 
cent, values approaching the control values, at the end of 1 hour. 

In the second set of observations, i.e. those made on animals which 
had been on a vitamin B;-deficient diet but did not yet exhibit symptoms 
of deficiency, the glucose test discloses that three of the animals had high 
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postabsorptive glucose levels, and that 2 hours after the injection the glu- 
cose had not returned to normal levels in six dogs. Only four of the ani- 
mals showed postabsorptive lactic acid values above the normal range, 
but after injection the lactic acid in all but two rose to abnormally high 
concentrations. The pyruvic acid curves of all of these animals starting 
postabsorptively and continuing after the injection of glucose were ab- 
normally high. At the time the pyruvic acid test was made, four of the 
eight animals had high postabsorptive glucose levels. These postabsorp- 
tive values were somewhat different from those obtained at the time of the 
glucose test, as they were taken at a later date when the animals were in 
amore deficient state. In four of the animals the lactic acid concentrations 
in the postabsorptive resting state were still within the normal range, but 
after pyruvic acid injection the blood lactic acid of all but one of them rose 
to abnormally high levels and remained high for the duration of the ex- 
periment. The pyruvic acid values were all high. 

In the third set of observations, 7.e. those performed on animals mani- 
festing such frank signs of vitamin B, deficiency as anorexia, vomiting, 
weakness, and especially the terminal signs of convulsions and opisthotonos, 
all showed abnormally high glucose, lactic acid, and pyruvic acid blood 
values both postabsorptively and following the injection of either glucose 
or pyruvic acid. 

The average ratio of lactic acid to pyruvic acid in the normal dog in the 
postabsorptive condition is 7.9, the lowest value being 3.8 and the highest 
11.6. The controls taken for the pyruvic acid test exhibited very close 
values to those for the controls taken in the glucose test with an average 
of 7.5, thus demonstrating the reproducibility of the present results. The 
average lactic to pyruvic acid ratio decreased a little during the glucose 
test, the average for all the values being 7.4. The injection of glucose, 
therefore, exerted little influence upon this ratio. It is obvious that in 
the partially deficient animals, i.e. those not yet showing the neurological 
symptoms of vitamin B, deficiency, a tendency to be low is observed, 
with an average of 6.4 for the glucose tolerance test. The lactic to pyruvic 
ratios for the group of animals manifesting severe acute signs of vitamin 
B; deficiency are all abnormally high and during the glucose test averaged 
10.5. The ratio was decreased by the injection of pyruvic acid and al- 
though it rose rapidly towards normal during the first 20 minutes it had 
not in most instances reached the control value by 60 minutes. 


DISCUSSION 


Changes in the concentration of the three substances studied, glucose, 
lactic acid, and pyruvic acid, were found to vary in accordance with the 
severity of the deficiency. The glucose curves showed signs of disturbance 
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even in the group of animals which were only partially deficient. There 
were three instances of high postabsorptive levels and after the injection of 
glucose three of the curves had not returned to normal levels at the end of 
3 hours. More marked is the effect observed during the acute episodes, 
In all but one instance, in an animal which had been vomiting repeatedly, 
the postabsorptive level was exaggerated, and the glucose tolerance curve 
was high and prolonged. These curves resemble those obtained in diabetes, 
in which we know carbohydrate oxidation is diminished and storage of liver 
glycogen is impaired. In our vitamin B,-deficient animals similar changes 
may be the cause of the diabetic type of curve. These two changes may 
be attributed directly to lack of the vitamin, or indirectly to the influence 
of deficiency in the islands of Langerhans and the liver, or they may simply 
be due to hunger diabetes. The third possibility is considered improbable, 
because the animals that ate best exhibited the deficiency symptoms earli- 
est, but nevertheless showed the same diabetic type of curve. 

The cause for the accumulation of pyruvic acid and lactic acid has been 
established by the observations of many authors (1, 5). Since diphospho- 
thiamine is necessary for the oxidation of pyruvic acid, in vitamin B, de- 
ficiency pyruvic acid must accumulate in the tissues and blood stream 
(5). Furthermore, since a ratio exists between the amount of pyruvic and 
lactic acids in the blood (8), it might be expected that the lactic acid con- 
centration should also rise. Pyruvic acid is reduced to lactic acid in the 
blood or is absorbed by the tissues for oxidations. Previous work has 
shown that the ratio of lactic to pyruvic acid, even during rest, varies 
from species to species. Moreover, in the individual it varies still more 
during exercise. Friedemann and Barborka (9) find a higher ratio, with 
lactic acid values raised above 20 mg. per cent by exercise. In early thia- 
mine deficiency we observed a lower than normal ratio, but for animals 
in extremis the ratio was observed to attain maximal values, all but one of 
them above 10. The low ratio in the partially deficient animals is in ac-* 
cordance with the previous experiments of Stotz and Bessey (8). They ~ 
observed a lower than normal ratio in thiamine-deficient pigeons and inter- 
preted this finding as indicating a marked decrease in pyruvic acid break- 
down. Similar falls may be calculated from the data reported by Williams,. 
Mason, Power, and Wilder (17) in human beings in experimental thiamine 
deficiency» Such high ratios as we have observed in our animals in ez- 
tremis have not been previously reported. The tissues of these animals. 
are able to utilize neither pyruvic nor lactic acid adequately. The rise 
in lactic acid, especially, may be considered in relation to the reported 
inability of the liver to retain glycogen in instances of extreme vitamin 
B; deficiency (18). It is well known that acidosis causes a depletion of 
liver glycogen, and the high pyruvic acid and especially the high lactic 
acid must tend to produce an acidosis. 





. ie . Oe. eee) oe 








CHESLER, HOMBURGER, AND HIMWICH 225 


SUMMARY 


Normal controls for the response to the injection of glucose and pyruvic 
acid in terms of the changes of lactic acid and pyruvic acid in the blood 
have been established. The postabsorptive value for the lactic acid to 
pyruvic acid ratio in the normal dog has been found to be 7.9 and 7.5 in 
two sets of experiments, each set on sixteen dogs, yielding an average of 
7.7 for all our observations on normal dogs. The injection of glucose 
exerted little influence on this ratio and the average lactic acid to pyruvic 
acid ratio for the whole series of observations during the glucose tolerance 
test was 7.4. _ 

As a result of vitamin B, deficiency in most instances, the postabsorptive 
level of blood sugar became high and the curve exaggerated. Both lactic 
acid and pyruvic acid accumulated in the blood of vitamin B,-deficient 
animals. In partially deficient animals the average lactic acid to pyruvic 
acid ratio was lower than in the normal, with postabsorptive values of 
5.8 and 6.6; in extremis it was higher than in the control, with a post- 
absorptive value of 10.7. 
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One of the early investigations of peanut oil was that made by Jamieson, 
Baughman, and Brauns (1), who examined two types of crude oil which 
they had expressed from Virginia and Spanish types of peanuts, respec- 
tively. They isolated lignoceric, arachidic, stearic, and palmitic acids and 
identified these products by melting point determinations and elementary 
analyses. The presence of oleic and linoleic acids in the original oil was 
established by the bromine content of the respective bromine addition 
products of the two acids. Holde, Bleyberg, and Rabinowitsch (2), work- 
ing at a later date, claimed to have isolated behenic acid from peanut oil 
and reported the presence of palmitic, stearic, arachidic, lignoceric, and 
carnaubic acids, as well. Longenecker (3), using peanut oil to test a 
fractionation equipment, reported the presence of myristic and palmitoleic 
acid in peanut oil, together with the acids noted by the previous investiga- 
tors. Longenecker based the identification of the compounds which he 
reported on the iodine numbers and saponification equivalents of the frac- 
tions separated. 

In order to determine the nature of spoilage which had occurred in a 
large consignment of peanut butter, a study was made of commercial 
peanut oil. For this purpose we purchased an edible grade of peanut 
oil having an iodine number of 90.7, a saponification number of 193.3, 
and a refractive index of 1.45, at 20°. The methyl esters from 9.5 kilos 
of peanut oil were prepared by refluxing in 1.5 kilo portions on a water 
bath 14 to 15 hours with 4 liters of methyl alcohol containing gaseous 
hydrogen chloride. 

After the mixture of esters had been cooled and washed three times with 
5 or 6 liters of water, the last traces of which were removed under reduced 
pressure, 8956 gm. of methyl esters remained and were fractionally dis- 
tilled four times at 15 mm. pressure. In the first three distillations, frac- 
tionations were made at 20°, 10°, and 5° intervals, respectively; a fourth 
refractionation, also at 5° intervals was made to obtain a sharper separation 
of esters. During the first two fractionations, distillation progressed at a 
rate such that the drops could just be counted as they fell into the receiving 
flask. During the last two refractionations, the rate was about 100 drops 
&a minute. The final distillation yielded thirty-eight ester fractions, the 
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first of which boiled below 85° at 15 mm. pressure, and the last had not 
distilled at 265° under 15 mm. pressure. 

Since we could find no report of any low boiling acids in the esters present 
in peanut oil, we decided to examine the material more thoroughly in 
order to determine whether such compounds had escaped the notice of 
previous workers. 


EXPERIMENTAL 


Iodine and saponification numbers obtained for each of the thirty-seven 
fractions distilled from the crude esters comprise the data in Table I. 
The weights of the fractions plotted against fraction numbers are the 
basis of Fig. 1. Because the amounts of material in Fractions 23 to 28 
were so great, Curve 2, in which the scale of weights is one-fiftieth that of 
Curve 1, was substituted in that area. A series of peaks at the maximum 
concentrations of the esters of the various acids present occurred at ap- 
propriate places for the esters of Cs, Cw, Cu, Cis, Coo, and Cx acids. 

To show the distribution of the unsaturated acids, the iodine numbers 
were plotted against fraction numbers (Curve 1, Fig. 2). In Curve 2, 
the iodine absorption values were plotted against the fraction numbers; 
Curve 2, including that portion of Curve 2 which would have gone off the 
scale, shows the iodine absorption figures reduced to one-five-hundredth 
of their true values. The large peak in Curve 1 occurring for Fraction 26 
is very indicative of unsaturated Cs acids; the peak at the same point in 
Curve 3 strengthens this possibility. 

Bromination of portions of the various fractions in diethyl ether con- 
taining a small amount of glacial acetic acid did not result in the formation 
of any ether-insoluble material. Unsaturated acids containing more than 
two double bonds are, therefore, not present in the oil. 

Since only very small amounts of material were present in several of the 
lower fractions, an additional 15.5 kilos of peanut oil were esterified and 
fractionally distilled. The use of a constant pressure regulator resulted 
in a sharper separation of fractions, so that no material distilled between 


100-115°. 
Isolation and Identification of Fatty Acids 


Saturated Acids. Caprylic Acid—The presence of caprylic acid in the 
fractions distilling below 100° was established as follows: 

Those fractions prepared without the use of the constant pressure regu- 
lator were combined and the saturated acids separated by distillation 
after bromination in ether, followed by removal of excess bromine as well 
as the ether. The esters so obtained distilled at 83° under 15 mm. pres- 
sure. This is the boiling point for methyl caprylate as found by Lewko- 
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witsch (4) and Jamieson (5). Those fractions prepared with the constant 
pressure regulator were combined and subjected to the lead-soap-ether 
method for removing unsaturated material. A saturated acid thus iso- 


TaBLe I 


Some Constants of Fractions Made at 5° Intervals (15 Mm. Pressure) of Methyl Esters 
from Peanut Oil 














Fraction No. B.p., 15 mm. Weight I No. | Jodine shonpeete Mean poe aaa of 
| gm | | 
: gm. | 

1 85 16.7 1.7 0.28389 | 141.3 

2 85- 90 14.5 1.3 0.1885 | 147.9 
3 90- 95 6.5 2.1 0.1365 | 150.1 
4 95-100 | 2.0 . . | * 
5 100-105 | 2.5 od | * . 

6 105-110 1.2 | * | * * 

7 110-115 Beni . | . | . 

8 115-120 7.0 1.5 0.105 | 176.6 
9 120-125 10.5 1.9 0.1995 | 180.5 
10 125-130 13.5 25 | 0.3375 | 185.4 
11 130-135 22.0 1.5 0.360 = 198.1 
12 135-140 69.0 1.7 | 1.173 | 200.8 
13 140-145 67.5 2.4 1.62 201.0 
14 145-150 54.5 2.5 2.725 | 202.8 
15 150-155 so | “3T |- o | oh 
16 155-160 16.0 3.5. | 0.175 209.7 
17 160-165 5.0 | 4.1 | 0.08 § 210.4 
18 165-170 17.5 L> ey | 1.2425 | 219.1 
19 170-175 14.1 | 23.0 3.243 224.5 
20 175-180 18.0 29.1 5.238 234.6 
21 180-185 24.7 | 87.0 9.139 | 287.3 
22 185-190 53.5 | 35.8 | 20.153 | 244.3 
23 190-195 158.0 | 43.4 | 68.572 | 252.2 
24 195-200 396.0 | 61.1 | 241.956 262.7 
25 200-205 1657.5 |. 98.8 | 1379.04 271.3 
26 205-210 4107.7 | 106.3 4366 .4851 277.5 
27 210-215 870.8 | 103.5 | 901.278 277.9 
28 215-220 107.4 | 91.4 | 98.1636 279.6 
29 220-225 48.2 | 80.5 | 38.801 | 287.8 
30 225-230 31.0 > ee | 21.917 | 294.0 
31 230-235 15.2 | 56.0 8.512 301.1 
32 235-240 17.0 | 43.6 | 7.412 304.6 
33 240-245 29.2 | $1.5 9.198 317.0 
34 245-250 43.0 | 22.6 9.71 322.3 
35 250-255 29.8 | 11.9 3.55 339.3 
36 255-260 61.8 | 6.2 3.83 341.0 
37 260-265 ( 32.5 | 4.9 | 1.59 354.6 
38 * - « 7 * 





* Not determined. 
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lated, after several recrystallizations from 95 per cent ethyl alcohol, pos- 
sessed the following constants: melting point 15.7°, melting point of caprylic 
acid 16.5°; molecular weight 147.6, molecular weight of caprylic acid 
144.12. 

Lauric Acid—Although the absence of capric acid seemed probable from 
the appearance of the curve (Fig. 1), nevertheless, the fractions boiling 
between 115-130° were investigated for the presence of this acid. The 
saturated esters were separated from unsaturated material by bromination 
of the combined fractions and distillation as in the case of the acids pre- 
viously described. The saturated material thus separated possessed the 
characteristics shown in Table II. 

Inspection of the data for the material boiling below 125° reveals that 
the melting points are too low and the molecular weights too high for 
eapric acid. The melting point and molecular weight of the material 
distilling between 125-130° agree closely with the values for laurie acid. 
It is, therefore, probable that the small amount of material originally 











Taste II 
Identification of Lauric Acid 
Fraction boiling (15 mm. pressure) at Accepted values 
Observed for acid isolated 
115-120° 120-125° 125-130° | Capric acid | Laurie acid 
—— iNaimaamentenenss 16.0 26.5 | 43.4 | 31.3 | 45.6 
BEE, cacincak lin aceceesees 176.1 191.6 199.01 | 172.15 200.19 





distilling between 100—125° at 15 mm. consisted of a mixture of Cs and Cy 
saturated acids. 

The presence of lauric acid previously suspected in Fractions 12 to 15, 
because of the characteristic peak in the curve (Fig. 1), was definitely 
established by isolating the free acid from the esters and recrystallizing 
several times from 95 per cent alcohol. The acid so prepared possessed 
the following constants: observed melting point 43.5°, melting point of 
lauric acid 43.6°; observed molecular weight 201.9, molecular weight of 
lauric acid 200.19; iodine number 0.8, iodine number of laurie acid 0.0. 

Myristic Acid—The presence of myristic acid in the fractions boiling 
between 155-175° was suspected from the appearance of the curve (Fig. 1), 
and was established in the following manner. The saturated material 
was separated from any unsaturated compounds present by the lead-soap- 
ether method. The acid isolated from the ether-insoluble lead-soap pos- 
sessed the following constants when recrystallized several times from 95 
per cent alcohol: observed melting point of the lead salt 108.0°, melting 
point of lead myristate 107.0°; observed melting point of the acid 53.5°, 
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melting point of myristic acid 54.0°; observed molecular weight of the acid 
228.9, molecular weight of myristic acid 228.2; observed iodine number 
1.5, iodine number of myristic acid 0.0. 

Palmitic Acid—Palmitic acid was isolated from the combined methyl 
esters boiling between 175-190° as well as from those boiling between 
190-195° and 195-200° by the lead-soap-ether separation. The fatty 
acid so obtained possessed the constants shown in Table III after sev- 
eral recrystallizations from 95 per cent alcohol. 
































Taste III 
Identification of Palmitic Acid 
| Fraction boiling at | Accepted 
values for 
175-190° 190-195" |  195-200° | palmitic acid 
M.p. of lead salt, °C....................) 114 110-111 | 110 | 112 
Pi eG PUP aaaaAS « 24%. Lai E leo oa Weks 62 62.1 | 61.9 | 62.6-63 
Ee Perr 257.2 256.4 257 .4 256.3 
GT tad ch vectadodesceddes 1.89 1.07 3.75 0.0 
TaBLe IV 
Identification of Stearic Acid 
Fraction boiling (15 mm. pressure) at Accepted 
vaiues for 
200-208° 205-210° 210-215" | stearic acid 
ee i) 115.6 
PE WE ads cach av itdadannec 65 67 | 62.1 | 689.6 
ES Spent 279.9 | 284.4 | 202 | 284.3 
ct. cba bweacdnéoebs 1.6 0.45 | 4.2 0 





Undoubtedly, the peak for the Cys saturated acid occurs in the fraction 
boiling between 190-195°, for it is in this fraction that the closest agree- 
ment occurs. The saturated acid from the fraction boiling between 
195-200° probably contains small traces of stearic acid. 

Stearic Acid—Stearic acid was present in several of the fractions but the 
best preparation was isolated by the lead-soap-ether method from the 
methyl esters boiling between 205-210° at 15 mm. The fatty acids so 
obtained (or their derivatives) possessed the constants given in Table IV 
after several recrystallizations from 95 per cent alcohol. 

Arachidic Acid—The presence of arachidic acid was definitely established 
in the fraction distilling between 215-220° at 15 mm. after separation by 
the lead-soap-ether method and also after low temperature crystallization 
of the methyl esters from acetone. Although stearic acid was present in 
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the same fraction, the arachidic acid crystallized first from ethyl alcohol. 
The best arachidic acid preparation was that obtained by redistilling, at 
5mm. pressure, portions of the material boiling above 230° at 15mm. The 
fraction boiling at 205-210° at 5 mm. pressure, when subjected to low tem- 
perature crystallization, yielded arachidic acid of high purity. Constants 
for the acid obtained from these fractions are given in Table V. 

Behenic Acid—Behenic acid was identified definitely in the methy] esters 
distilling between 245-250° and 250-255° at 15mm. It is probable that 
the mixture distilling between 240-245° at 15 mm. contained a mixture of 
arachidic and behenic esters, since after repeated attempts to purify the 
material by distillation at 0.3 mm. pressure, a melting point of 77.5° and 


TaBLe V 
Identification of Arachidic Acid 




















. | Fraction boil- | Fraction boil- | Accepted 
| ing at 215-220°, | ing at 205-210°, | values for 
mm. 5 mm. arachidic acid 
EE Nowe wncn vic cenes son shase Ganeies 74 76-77 =| 77 
me geathed ester, “C. ..ccccscovsceseneus 47.5 46.5 46 .5-47.5 
NE SS | Seren rere eee 301.8 309.3 | 312 
EN FEE Se Ee 5.21 19 | O 
Tasie VI 
Identification of Behenic Acid 
Fraction boiling at pore 
coins for 
240-245°, 245-250°, 250-255°, 210-220", behenic acid 
15 mm. . 15 mm. 15 mm. 5 mm. 
SS iy ee 77.5 79 79.5 79.1 | 80.2 
ee 49.5-50) 49.7 50 49.6-50 50 
Mol. wt. of acid............. 328 336 339 339.2 | 340 
OS rr 7.8 0.9 0.5 2.47 | 0.0 














a molecular weight of 328 were obtained for the acid. The purest acid 
was prepared from the fraction distilling between 210-220° at 5 mm. (ob- 
tained by redistilling at 5 mm. pressure portions of the material boiling 
above 230° at 15 mm.). Constants for the acids obtained from these frac- 
tions are given in Table VI. 

Lignoceric Acid—Lignoceric acid was probably present to a slight extent 
in several fractions. The best preparation was obtained from the esters 
distilling between 260-265° , at 5 mm. pressure. The material was frac- 
tionally crystallized from 95 per cent alcohol and again recrystallized several 
times after the acid had been freed from the esters. The constants obtained 
for these acids are given in Table VII. Jb 
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Unsaturated Acids. 9-10 Oleic Acid—9-10 oleic acid was identified jn 
several of the fractions beginning with the methy] esters distilling between 
190-195° at 15 mm. pressure. Two general methods were used for the 
isolation of oleic acid: (a) separation by the lead-soap-ether method, fol- 
lowed by further purification by the barium-soap-benzene process; () 











Taste VII 
Identification of Lignoceric Acid = 
Fraction boil- | Fraction boil- | Accepted 
ing at 260-265°, | ing at 220-230°, values for 
15 mm. 5 mm. | lignoceric acid 
OS | a ar at: 365 367 368.4 
M.p. of acid, °C... < eobbla 83.1 82.9 84.2 
** “ methyl esters, °¢, > 55 54.5 56.7 
I No. TYrirx ryt ir 0.49 1.95 0 








Taste VIII 
Constants of Oleic Acid and Derivatives Isolated from Various Fractions 








Acid isolated from fraction boiling (15 mm. | Com 
pressure) at sponding 

| values 

- ——— | for oleic 





190-195° | 195- $-200° 200-205° | 203-210° | 210- 215° acid 





- | ——__—_— 





———— | — 














Mol. wt. of acid....... his ..| 283.5 |2 29.5 5 | 284.7 | 282. 82.29] 266.03 282.0 
iy bf eee be 88.45) 87.04, 93.3 102.6 | 83.47 89.93 
M.p. of dihydroxy derivative ...... 128 128.6 ‘1 128.8 | 130 
Mol. wt. of dihydroxy derivative... 3 314.7 315.1 | 315.2 | 316.0 
TaBie IX 
Constants of Linoleic Acid and Derivatives Isolated from Various Fractions 
Acid isolated from fraction boiling | Corre- 
(15 mm. pressure) at “at 
ee ae Ses ha TT] joa 
200-205 205-210°| 210-215*|215-220° 220-225°|225- 230°| linoleic 
eninge Be POS acta ih adisenall ads | a 
Mol. wt. of acid...... 289.9 | 243 | 292.5, 273.5) 277 | 282.1 
De OE ad Laon 154.7, 141.2) 141.1) 140.2; 112.8) 113.2) 181 
M.p. of tetrabromide, °C. 113. 111 =| «113.5 113.0 113.5, 114 








low temperature crystallization of the methyl esters from an 8 per cent 
solution in acetone. Identification was made by means of the molecular 
weight, iodine number, and preparation of the crystalline dihydroxysteari¢ 
acid by oxidation with alkaline permanganate solution (Table VIII). 
Linoleic Acid—Linoleic acid was identified in several fractions beginning 
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with the methyl esters distilling between 200-205° at 15 mm. pressure. 
Two general methods were used for the isolation of the linoleic acid: (a) 
separation by the barium-soap-ether method; (b) low temperature crystal- 
lization of the methyl esters from an 8 per cent solution in acetone. Identi- 
fication was made by preparation of the crystalline tetrabromide, since in 
no case was it possible to isolate a pure preparation of the linoleic acid 
(Table IX). 

Although slight peaks occurred in the iodine absorption curve (Fig. 2) 
at the ranges 145-150° and 245-250° at 15 mm., we were unable to isolate 
additional unsaturated fatty acids from this material. The fractions 
boiling between 175-200° at 15 mm. were carefully examined for the pres- 
ence of palmitoleic acid previously reported by Longenecker (3). However, 
a redistillation of this material at 0.3 mm. pressure yielded oleic acid as the 
only unsaturated material present. 


SUMMARY 


1. Caprylic and lauric acids were isolated for the first time from pea- 
nut oil. 

2. The presence of myristic, palmitic, stearic, arachidic, behenic, lig- 
noceric, oleic, and linoleic acids, previously reported as occurring in peanut 
oil, was confirmed. 

3. The oleic acid found was the 9-10 isomer. 
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The rates of absorption of amino acids from the gastrointestinal tract 
have been reported for the rat (1) and the levels of blood amino nitrogen 
during amino acid absorption have been reported for the rat, dog, and rab- 
bit (2-7), but no studies of this nature have been reported for the chick. 
In view of the known differences between avian and mammalian nitrogen 
metabolism (8), it seemed desirable to study amino acid absorption and 
utilization in the chick. It is the purpose of this paper to present data 
concerning amino acid absorption in the chick and changes in blood amino 
nitrogen during the amino acid absorption. These data are compared with 
those for mammals which have been reported in the literature. 


EXPERIMENTAL 


The rates of absorption of amino acids from the gastrointestinal tract of 
the chick were determined by the Cori technique (9, 10). All of the ex- 
periments were conducted with single comb white Leghorn chicks which had 
been previously fed a normal chick diet. The chicks were fasted for 48 
hours before the amino acid administration, but were allowed water ad 
libitum. The majority of the chicks weighed between 150 and 250 gm. at 
the end of the 48 hour fast. 

The amino acids' used were commercial preparations. With the excep- 
tion of tyrosine, all of the amino acids were administered in solutions con- 
taining 12 to 31 mg. of amino nitrogen per cc. To establish uniform con- 
ditions, an attempt was made to administer the amino acids after half 
neutralization with sodium hydroxide. When this was impossible, the 
amino acid was administered in a more soluble form, either as the complete 
sodium salt, or as the hydrochloride. Tyrosine, which was not soluble 
enough to give the desired concentration even as the sodium salt, was ad- 
ministered as a well shaken suspension. The concentration of each solu- 
tion was determined by both micro-Kjeldahl and amino nitrogen analyses. 
The amino acids in solution were administered directly into the crop by 
means of a calibrated syringe to which a piece of No. 6 catheter tubing was 


*Preseat address, Poultry Department, Colorado State College, Fort Collins. 
' The amino acids were purchased with funds donated by the Nutrition Founda- 
tion, Inc. 
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attached. The tyrosine suspension was administered to the crop by means 
of a serological pipette which was washed out after the administration to 
determine the tyrosine remaining on it. During the absorption period, the 
vent was clamped with a paper clamp (Hunt clip No. 0) to prevent any 
excretion. 

To determine whether material injected into the crop passed quickly 
into the absorbing portions of the gastrointestinal tract, a solution of 
methylene blue was administered to two fasted chicks. The first chick 
was killed after 5 minutes and the methylene blue was found in the crop, 
proventriculus, and gizzard. The second chick was killed after 10 minutes 
and the methylene blue was found as far as half-way along the small in- 
testine. Henry et al. (11) found that in a fasted chick the crop discharges 
material into the gizzard almost immediately. 

All values of the absorption rate were obtained for a 3 hour absorption 
period. At the end of 3 hours the chick was killed by dislocating the neck, 
and the esophagus was tied near the pharynx. The entire gastrointestinal 
tract was then removed and frozen in a refrigerator. Upon removal from 
the refrigerator, the exterior of the gastrointestinal tract was carefully 
washed with warm water and the mesentery was removed. The tract 
was then opened, washed four times with distilled water, and the volume 
made up to 500 cc. An aliquot of this solution was diluted with an equal 
volume of 10 per cent trichloroacetic acid to precipitate the proteins, which 
were then removed by filtration. 

Amino nitrogen was determined in the filtrate by the method of Folin 
(12) as modified by Danielson (13). The method was further modified by 
making all of the determinations in 1.66 per cent trichloroacetic acid. Be- 
fore procedure with the standard method, each sample was neutralized to 
the phenolphthalein end-point with sodium hydroxide. All of the readings 
were made between 20 and 22 hours after addition of the sodium 8-naphtho- 
quinone-4-sulfonate reagent and 8 minutes after the bleaching reagents. 
A Cenco photelometer with Cenco Filter 2 (green) was used for making 
the readings. A standard curve with the amino nitrogen concentration 
plotted against its equivalent photelometer reading was used in converting 
the photelometer reading to amino nitrogen values. 

Weighed samples of the amino acids used in the study were analyzed by 
both micro-Kjeldahl and amino nitrogen methods. The values obtained 
for amino nitrogen were used in calculating the absorption rate in terms 
of the particular amino acid studied. 

To eliminate the turbidity which occurred when large amounts of trypto- 
phane were present, the solutions were filtered just before the photelometer 
readings were made, and a separate standard curve was prepared for 
tryptophane with filtered solutions. The amino nitrogen of the contents 
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of the gastrointestinal tract of chicks with and without the administration 
of tryptophane was calculated as tryptophane from the standard curve for 
this amino acid. The tryptophane absorption rate was determined for 
three chicks by this modification of the Folin method. 

In order to find the normal amino nitrogen content of the gastrointestinal 
tract of fasted chicks, distilled water instead of amino acid solution was 
given to twenty-three chicks during the course of the study. The chicks 
were killed 3 hours after the administration of 1 cc. of water per 100 gm. of 
body weight. The residual amino nitrogen values varied between 4.66 
and 10.04 mg. per 100 gm. of body weight. The mean value of 7.43 + 1.65 
mg. of amino nitrogen per 100 gm. of body weight was used for all calcula- 
tions of absorption rate. 

To compare the amino nitrogen method of determining the amino acid 
with a specific amino acid method, the absorption rate of methionine was 
determined by measuring the unabsorbed methionine by the amino nitro- 
gen method previously described, and by the specific methionine method of 
McCarthy and Sullivan (14). Methionine determinations on the contents 
of the gastrointestinal tract of fasted chicks showed that no measurable 
amount of methionine was present. The specific methionine method 
eliminates the use of a figure for residual amino nitrogen and should give 
a truer absorption value for an individual chick. The average methionine 
absorption value obtained by the amino nitrogen method was 45.6 mg. 
per 100 gm. of body weight per hour, compared with the value of 42.6 mg. 
obtained by the specific methionine method. The rate of absorption, even 
as determined by the specific methionine method, showed considerable 
variation among chicks. For the whole series, the two methods of deter- 
mining the rate of methionine absorption showed satisfactory agreement. 

Blood samples were obtained from chicks immediately before and 1 hour 
after the administration of amino acid. 1 cc. samples were taken by heart 
puncture, with potassium oxalate as an anticoagulant, and blood filtrates 
were prepared with trichloroacetic acid as a precipitant. Amino nitrogen 
was determined on these blood filtrates by the same method as was em- 
ployed on the gastrointestinal tract contents. Taking both initial and 
1 hour blood samples from each chick enabled a more accurate comparison 
of changes in the blood amino nitrogen after the administration of different 
amino acids than would have been possible if only one sample had been 
taken. A preliminary experiment showed 1 hour to be the time interval 
during which blood amino nitrogen increased most after amino acid ad- 
ministration. Initial and 1 hour blood samples were also taken from the 
chicks to which water was administered. The 1 hour value varied between 
79 and 101 per cent of the initial value, and its mean was 88.6 + 5.5 per 
cent of the initial value. 
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Intact protein was studied from the standpoint of changes in the blood 
amino nitrogen over a 5 hour period. The effect of hydrolysis of protein 
was investigated by comparing solutions of intact casein and gelatin with 


TaBLeE I 


Rates of Absorption of Amino Acids in Chick, and Blood Amino Nitrogen Level at! 
Hour after Amino Acid Administration 














Absorption rate (quantity per 100 Coaces- 
gm. body weight per hr. . tration 
Amino acid Salt No. of |——— Pe ~ UeT rE wT ecnamueded of 
chicks Amine Amino acid initial cobain 
1) (2 3 istered 
me | ome | mae | uo 
dl-Alanine ......| Half Na 7 | 6.82 | 43.3% 9.9); 0.486 | 121412.4/| 31 
l(+)-Arginine HCl* 8 | 1.54 | 27.04 7.5) 0.155} 954 5.8] 12 
= a 7 2.15 | 37.62 7.5) 0.216 95+ 7.1 30 
l(+)-Aspartic 
Sa eee Half Na 7 | 2.92 | 40.8242 5.9, 0.306) 93+ 6.0! 21 
l(—)-Cystine....| Na 12 5.02 | 47.6 + 12.6) 0.198 | 1014 4.3) 26 
U(+)-Glutamic | | 
naa ei | Half Na 9 | 3.58 | 45.54 12.3 0.309 | 96+ 7.4) 27 
-<iaeili. nadie 6 | 2.44 | 30.94 7.6/ 0.210) 95+ 6.2) 39 
Glycine....... eS 7 7.33 | 39.04 7.2) 0.520 | 1294+ 8.9! 30 
Ph te. cee “is Nate 7 7.38 | 39.32 6.0 0.524 | 1214 19.3) 59 
l(+)-Histidine..| HC] 10 | 2.51 | 42.34 14.1! 0.273 | 103+ 8.8] 
i(—)-Leucine ..-} Na 5 | 3.64 | 37.24 2.6) 0.284 | 118 + 4.6) 22 
di-Lysine .......| Half Na 6 4.95 | 23.724 1.2) 0.162 | lll+ 7.6; 30 
dl-Methionine...| Na 7 3.82 | 45.6+ 11.8 0.306 | 12002 11.2; 22 
dl-Phenylalanine| “ 7 | 4.72 56.24 9.6 0.340 | 1024 4.9| 24 
l(—)-Proline....| Half Na | 10 | 5.50 | 49.84 9.7) 0.433 | 1104 14.8) 25 
dl-Threonine....|_ “ ‘| 9 | 4.05 | 36.5 + 11.3) 0.306 | 109 + 9.6| 29 
di-Tryptophane Na 3 | 1.49 | 21.84 16.5, 0.107 | 954 3 2 | 20 
l(—)-Tyrosine..| “ 6 | 2.50 36.32417.2 0.200; 932 a) 14 
- A Sige | 6 | 3.79 | 54.94 12.9) 0.303 | 884 9.7) 25 
Glycine + Half Na | 7 | 7.42 | 43.14 7.9) 0.525 | 117412.9;| 31 
dl-alanine..... 40 
Casein hydroly- 
ee 6 | 7.36 | 66.62 5.0, 0.462 | 108 + 9.6| 28 








* Monohydrochloride. 


acid hydrolysates of these proteins. The method of Caldwell and Rose (15) 
was used in preparing the protein hydrolysates. 
Results 


The data obtained for the absorption rates and blood amino nitrogen 
for the amino acids and amino acid mixtures used are summarized in Table 
I. The absorption rate for amino acid (Column 1) is the value obtained 
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in terms of amino nitrogen by the modified Folin method. Column 2 
shows the absorption rate for the free amino acid, calculated from Column 
1 and the correction for the particular amino acid. In Column 3 the ab- 
sorption rate is expressed as mm of the amino acid. 

The data indicate that all of the amino acids apparently were readily ab- 
sorbed from the gastrointestinal tract. The variation among individual 
chicks in the study of a single amino acid was appreciable in many cases; 
hence close comparison of the absorption rates is not justified. In an 
attempt to determine whether the level of amino acid administration af- 
fected the rate at which it was absorbed, glycine, glutamic acid, tyrosine, 
and arginine were administered at two levels. Glycine gave practically 
the same absorption rate at a high level of administration as it did at the 
usual level. Tyrosine and arginine gave higher absorption values with 
larger amounts administered, but glutamic acid gave a lower value. The 
variability was high in all cases and it is doubtful whether any significance 
can be attached to these comparisons. 

To facilitate the comparison of the absorption rate of one amino acid 
with others, the millimolar absorption rate was plotted against the apparent 
molal volume. The values of apparent molal volume used were taken from 
the report of Cohn et al. (16), their observed values being used when given; 
when these were not available, the volumes were calculated according to 
their methods. When the amino acids were administered at more than 
one level, data for the level nearest 30 mg. of amino nitrogen per cc. were 
used. The plot of these data (Fig. 1) shows a general tendency for the 
molal absorption rate of the amino acid to increase as its apparent molal 
volume decreases. The correlation coefficient of this relationship is —0.81 
+ 0.092, which indicates that the relationship is significant. 

The level of blood amino nitrogen found 1 hour after amino acid adminis- 
tration is dependent upon the amount of amino acid in the blood and the 
ability of the particular amino acid to give color with the Folin reagent. 
After water administration, the blood amino nitrogen is 89 per cent of the 
initial value; hence subtracting 89 from the percentage values for the 
amino acids (Table I) gives the relative increase of blood amino nitrogen 
caused by the amino acid studied. When this value is expressed as weight 
of the amino acid and divided by the molecular weight, the relative molar 
increase of the specific amino acid in the blood stream is obtained. In Fig. 
2, this amino acid increase in the blood is plotted against the millimolar ab- 
sorption rate from the gastrointestinal traet. 

If all amino acids were removed from the blood stream at the same rate, 
it would be expected that a direct relationship would exist between the 
relative molar blood increase and the millimolar rate of absorption of the 
aminoacid. The deviations from the direct relationship indicate that some 
amino acids are removed from the blood stream more rapidly than others. 
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From Fig. 2 it appears that glutamic acid, aspartic acid, tyrosine, and 
phenylalanine are rapidly removed from the blood stream, while methionine 
and leucine are removed from the blood stream more slowly than the other 
amino acids studied. 
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Fig. 1. The relation between the millimolar absorption rate of an amino acid from 


the gastrointestinal tract of the chick and the apparent molal volume of the amino 
acid, 


The data for blood amino nitrogen for the studies with proteins and pro- 


tein hydrolysates are summarized by Fig. 3. The blood amino nitrogen 
reached a higher level after the administration of a protein hydrolysate 
than after intact protein. Gelatin caused a greater increase in blood 
amino nitrogen than casein when the intact and hydrolyzed forms of the 
two proteins were compared. 
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Fic. 2. The relation between the relative molar increase of an amino acid in the 
blood and the millimolar rate of absorption of the amino acid from the gastrointesti- 
nal tract of the chick. 
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Fic. 3. Curves showing the blood amino nitrogen level in chicks after the oral 
administration of gelatin, gelatin hydrolysate, casein, casein hydrolysate, and 
water. Each plotted point represents an average value for three chicks for casein, 
casein hydrolysate, and gelatin hydrolysate; seven chicks for gelatin; and six chicks 
for water. 
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DISCUSSION 


As a basis for discussion of the blood amino nitrogen for the chick, any 
1 hour value which is greater than 89 per cent of the initial value is con- 
sidered an increase in blood amino nitrogen. Water administration gaye 
1 hour values which were 89 per cent of the initial value. 

In chicks, as in dogs, rabbits, and rats (2-4), glycine and alanine caused 
the greatest increase (129 or 121 per cent and 121 per cent respectively of 
the initial) in the blood amino nitrogen after oral administration. Leucine, 
which was reported by Seth and Luck (2) to give a moderate increase in 
rabbits, caused a relatively great increase (118 per cent of the initial) in the 
blood amino nitrogen of chicks. Histidine caused a moderate increase in 
the rabbit (2) and hexone bases caused a moderate increase in rats (4), 
Histidine also caused a moderate increase (103 per cent of the initial) in 
the chick. Aspartic acid and glutamic acid (2, 3) gave slight increases in 
the blood amino nitrogen in dogs and rabbits, and similar results (93 and 
95 or 96 per cent respectively of the initial) were obtained with chicks. 

In the rabbit, the blood amino nitrogen increased only slightly after 
phenylalanine and tyrosine administration (5). In this respect these amino 
acids more closely resemble the dicarboxylic acids than glycine and 
alanine. A greater increase was observed after phenylalanine than after 
tyrosine administration. Similar differences are indicated in the chick 
(102 and 88 or 93 per cent respectively of the initial). 

In the rabbit, the blood amino nitrogen increased moderately after lysine 
ingestion (3) and in the dog (6) the “blood amino nitrogen increased mark- 
edly and remained high for some time.’’ Lysine caused a moderate increase 
(111 per cent of the initial) in the blood amino nitrogen in chicks. 

Seth and Luck (2) obtained only a slight increase in the blood amino 
nitrogen level after cystine administration to dogs and rabbits. Lewis 
and Brown (7) reported that the cystine content of plasma increased 
“greatly” after cystine administration to rabbits, but no values were given 
to indicate the extent of the increase. Chicks show a slight (101 per cent 
of the initial) increase in blood amino nitrogen after cystine ingestion. 

Seth and Luck (2), in one experiment, obtained practically no increase 
in the blood amino nitrogen of the rabbit after tryptophane administra- 
tion. The chick shows a slight increase with tryptophane (95 per cent of 
the initial). 

Despite the known differences in nitrogen metabolism which exist be- 
tween the chick and other species, no marked differences between species 
may be seen in a comparison of the blood amino nitrogen levels after various 
amino acids are administered orally. 

The comparisons made above between the levels of amino nitrogen in 
chick and mammalian blood after the ingestion of various amino acids are 
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of value only in comparing the metabolism of various species. To make 
the level of blood amino nitrogen a better index of the ability of the animal 
to utilize an amino acid, the amino nitrogen level may be calculated as the 
amino acid and may be compared with the absorption rate (Fig. 2). The 
fact that the correlation of molar increase of blood amino acid and molar 
absorption rate from the gastrointestinal tract is of border line significance 
indicates that there are differences in the rates of removal of amino acids 
from the blood stream. Methionine and leucine appear to be removed from 
the blood stream more slowly than the remainder of the amino acids. 
Tyrosine, phenylalanine, aspartic acid, and glutamic acid seem to be 
rapidly removed from the blood stream. 

The absorption values for alanine, leucine, lysine, and methionine in the 
chick are very similar to comparable values for the rat reported in the 
literature (9, 17-19). The cystine absorption value for the chick com- 
pares more favorably with the value for the rat reported by Sullivan and 
Hess (20) than with the value reported by Wilson (21). Glutamic acid 
and histidine values for the chick are considerably lower than those re- 
ported for the rat (17, 19), while glycine is slightly lower (9, 17, 22). Al- 
though the tryptophane absorption value for the chick is inconclusive, it is 
greatly below the value of 62.9 mg. per 100 gm. of body weight per hour as 
reported by Berg and Bauguess (23). 

The fact that phlorhizin inhibits carbohydrate absorption and does not 
inhibit amino acid absorption (22) suggests that different mechanisms are 
involved. Carbohydrate absorption probably proceeds after preliminary 
phosphorylation, a process which can be inhibited by phlorhizin (24). 
Hober (25) concluded that amino acid absorption is too fast to be explained 
by diffusion. Hober and Hober (26) suggested that a cellular mechanism 
is involved in the preferential absorption of amino acids. Amino acids 
exhibited irregular behavior and there seemed to be no relation between 
size of molecule and the rate of absorption. However, this work with rat 
intestinal loops did not compare amino acids among themselves. Bolton 
and Wright (27) analyzed blood and lymph from various vessels in the cat 
and found that absorption of amino acids from the intestine follows the 
law of diffusion. Lathe (28) concluded from his work with intestinal loops 
in dogs that the rate of intestinal absorption of amino acids decreases with 
an increase in their molecular size. 

Mehl and Schmidt (29) found that the diffusion coefficient of amino acids 
in aqueous solution is related to the size and shape of their molecules, rather 
than to their molecular weights. As was shown in Fig. 1, the rate of ab- 
sorption of an amino acid from the intestinal tract of the chick varies in- 
versely with the apparent molal volume of the amino acid. These data 
would indicate that amino acid absorption in the chick is a function of rate 
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of diffusion of the amino acid and is not controlled by any cellular mecha- 
nism. If different amino acids were absorbed by different mechanisms, a 
considerable increase in the absorption rate would be expected when mix- 
tures of amino acids were administered. Such was not the case with a 
mixture of glycine and alanine. The casein hydrolysate was absorbed 
only slightly faster than single amino acids. 

Hydrolysis of protein before oral administration apparently allows a more 
rapid absorption of the constituent amino acids. The possibility exists 
that absorption of amino acid complexes takes place after protein adminis- 
tration, and that these complexes are relatively poorly detected by the blood 
amino nitrogen method. The fact that gelatin caused a greater rise in 
blood amino nitrogen than did casein may be due to the differences in amino 
acid composition. Gelatin contains more glycine, alanine, and hydroxy- 
proline and less tyrosine, glutamic acid, and hydroxyglutamic acid than 
does casein (30). Glycine and alanine have been shown to cause large 
increases in blood amino nitrogen, while tyrosine and glutamic acid cause 
small or no increases in blood amino nitrogen. 


SUMMARY 


1. The rate of absorption of amino acids from the gastrointestinal tract 
of a chick varies inversely with the apparent molal volume of the amino acid. 

2. In general, the blood amino nitrogen of a chick increases after the ab- 
sorption of amino acids from the gastrointestinal tract in proportion to the 
amount of amino nitrogen absorbed. Methionine and leucine caused dis- 
proportionately high levels of blood amino nitrogen, while aspartic acid, 
glutamic acid, tyrosine, and phenylalanine caused disproportionately low 
levels of blood amino nitrogen after their oral administration. 

3. The relative increase in blood amino nitrogen of a chick after the oral 
administration of various amino acids is similar to that observed in 
mammals. 

4. The oral administration of a hydrolyzed protein causes a greater in- 
crease in the blood amino nitrogen of a chick than does the administration 


of intact protein. 
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AN IMPROVED SHORT TIME TURBIDIMETRIC ASSAY FOR 
PENICILLIN 


By J. RAYMOND McMAHAN 


(From the Biochemical Laboratory of Chas. Pfizer and Company, Inc., Brooklyn, 
New York) 
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As the production of penicillin has advanced from the pilot plant stage to 
full seale production, the need for an accurate short time test has grown 
more and more pressing. Such a procedure is needed not only for following 
the penicillin content of the fermentation tanks but also in subsequent 
purification steps. 

In 1942 Foster (1) published a note on a 4 hour test, but from a more 
recent report (2) the method seems to have been too laborious and not 
sufficiently accurate. 

It was felt that the turbidimetric method offered the best possibilities 
for accuracy and speed, and it was investigated thoroughly. The method 
presented in this paper proved not only rapid (3 to 4 hours incubation) but 
very precise as well. The procedure is very much like that used in the 
many microbiological vitamin assays. Since many people are familiar 
with the turbidimetric vitamin assays, they can run this penicillin assay 
with a minimum of instruction compared to other assay procedures, such 
as the Oxford plate method. 


EXPERIMENTAL 


Culture and Inoculum—Stock cultures of Staphylococcus aureus Strain H 
are carried on plain nutrient agar slants. Duplicate tubes of the organism 
are incubated at 37° for 24 hours and then held in the refrigerator. One 
culture is used for preparing inocula from day to day. At the end of the 
week, and at weekly intervals thereafter, two more slants are prepared from 
the unused culture. The new cultures are checked by a Gram stain to see 
whether they are pure, the old cultures are discarded, and the new cultures 
used as before. 

Inoculum for the test is made by transferring a bit of the surface growth 
from the slant to one or more flasks containing 100 ml. of plain nutrient 
broth (8 gm. of Difco Bacto dehydrated powder per liter of water). The 
inoculated medium is incubated until the next day, when it is used in the 
test. The incubation time is usually from 14 to 18 hours. 

Basal Medium—The medium being used at present has the following 
composition per liter: Difco Bacto-nutrient broth 16 gm., yeast extract 
4gm. This medium is used instead of regular plain nutrient broth, because 
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it was found to give a larger spread of the points on the standard curve. No 
glucose is used in the medium at present owing to the unfavorable report 
presented by Dr. Foster (3). 0.5 per cent glucose increases the speed of 
growth very greatly and spreads out the curve. In a preliminary test the 
shape of the curve remained the same and the value obtained on a fermenta- 
tion liquor was essentially the same as by the regular method. Further 
tests are being run and glucose may be added to the medium later if the 
tests show it to be desirable. 

Varying amounts of the basal medium (depending on the number of 
tubes being used per test) are put in flasks, stoppered with cotton plugs, 
and autoclaved at 15 pounds for 15 to 20 minutes. The flasks are then 
cooled and put away for use as needed. 

Standard Solution—The standard solution is made up each day from a 
dry calcium salt of penicillin (potency = 333 Oxford units per mg.) which 
is stored in the refrigerator at about 3-5°. About 30 mg. of the standard 
are weighed out and taken up in 200 ml. of 0.1 per cent phosphate buffer 
solution, pH 6.8. This solution is filtered through a micro Seitz filter, 
1 ml. is placed in a sterile test-tube, and sufficient buffer is added with a 
pipette to give a solution containing 5.00 Oxford units per ml. 

Samples—These are usually filtered through a Seitz filter, although as in 
other short incubation tests they may be made up merely with sterile buffer 
unless known to be heavily contaminated. Ordinarily, the approximate 
potency of the material to be tested is known, and a final solution for the 
test may be prepared that will have a potency of from 2 to 5 Oxford units 
per ml. 

Equipment and Procedure—The test is set up in stainless steel racks 
holding forty § X 4 inch Kimble glass tubes covered with an inverted 
stainless steel tray 4 inch deep to keep out dust contamination. Pipetting 
of standards and samples is done with a special pipette prepared from 
standard 0.2 ml. Pyrex pipettes.’ 

The micro pipettes are used because the small volume employed (0 to 
0.16 ml.) makes an insignificant difference in the final volume of medium 
in the tube (7 ml.) and hence no buffer need be added to bring all the 
samples to a definite volume. 


1 A small bubble about twice the diameter of the original capillary is blown near 
the tip of the pipette. This is then drawn out to form a needle-like tip about 30 
mm. long. The top of the pipette is cut off about 40 mm. above the top graduation 
and polished. The pipettes are operated bya 1 ml. hypodermic syringe of the insulin 
type, attached to the pipette by a 50 mm. piece of pressure tubing slipped part way 
over the barrel of the syringe. A thin coating of light petroleum jelly on the plunger 
insures smooth operation. With a little practice volumes of 0.02 to 0.2 ml. can be 
delivered accurately and rapidly with this equipment. Caution—do not allow water 
to get up into the barrel of the syringe, as it will prevent smooth operation of the 
plunger. A small cotton plug in the rubber tu’ : will help prevent this. 
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If it is desired, a fixed sample volume may be selected at say 1 or 2 ml. 
so that 1 or 2 ml. pipettes may be used. If this is done, all samples added 
must be made up to the selected volume by addition of buffer solution and 
appropriate increase made in the concentration of the basal medium. It 
has been the author’s experience with tests of this nature that no increase 
in precision is obtained with the larger pipettes and the additional pipetting 
of buffer involved increases the time required to put in the test. 

Procedure—The test-tubes are put in racks and covered with the inverted 
trays and, together with the pipettes, are dry-sterilized at 170° for 14 hours, 
cooled, and kept in reserve for use as needed. 

The standard curve is established by pipetting the following amounts 
of standard solution (containing 5.0 Oxford units per ml.) into a series of 
twelve test-tubes: 0.12, 0.10, 0.08, 0.06, 0.04, 0.02, 0, 0, 0.08, 0.06, 0.04, 
0.02 ml. These points correspond to values of 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, 
and 0 Oxford units. 

In further series of tubes, volumes of the penicillin solutions to be tested 
are pipetted as follows: 0.16, 0.14, 0.12, 0.10, 0.08, 0.06, 0.04, 0.02, 0.08, 
0.06, 0.04, 0.02 ml. As previously stated, the primsry dilutions of the 
unknown solutions are made up so that their concentration falls in the range 
of 2 to 5 Oxford units per ml. 

A flask containing sufficient basal medium to fill all the tubes in the test 
is selected and inoculated with the 14 to 18 hour inoculum. 65 ml. of 
inoculum are used per liter of basal solution. Preliminary work indicates 
that within fairly broad limits the number of cells in the inoculum is not 
critical. However, further work is being done to determine whether a 
fixed number of cells per ml. should be used. 

A Fisher Volustat automatic pipetting machine is used to add the inocu- 
lated basal medium to the tubes. It is kept filled with 80 per cent alcohol 
when not in use and is rinsed out by pumping sterile water through it just 
before use. Both the suction and delivery tubes are put into the flask 
and the inoculated medium recirculated until all the bubbles are out of 
the delivery system and the medium is well mixed. 

Two 3.5 ml. shots of medium are then put in each tube in the test, the 
tubes covered with the inverted trays, and the racks put in a mechanically 
stirred water bath incubator at 37°+0.1°. The racks are left in the bath 
for an incubation time of 3 hours. Incubation times of 3} or 4 hours can 
be used; if times longer than 4 hours are employed, the original inoculum 
must be cut down and more strict precautions for sterility observed. 

The racks are removed at the end of the incubation time and steamed 
10 minutes in an Arnold sterilizer or in an autoclave with the steam escape 
valve open. The purpose of this steaming is twofold: (1) it kills the cells 
and thus prevents additional growth from taking place during the reading 
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of the test and (2) the organisms are no longer dangerous to handle in the 
reading process. The racks are removed from the sterilizer and put in a 
water bath to cool. The tubes are shaken two at a time by covering 
the tops with the thumbs and giving them two sharp shakes to disperse 
the cells evenly. 

Turbidimeter readings are made with a Lumetron model 402E equipped 
with a constant voltage transformer and with a special automatic emptying 
cell designed by the author.? 

The broad band filter with a transmission peak at 5300 A is being used at 
present but experiments with other filters are also being run. 

Because of the high absorption of the medium used, a No. 7 reduction 
plate is used over the balancing photocell. 

The reading of the tubes may be made in either of two ways on the Lume- 
tron No. 402E colorimeter. We have set up the instrument so that a 
direct reading is taken from the galvanometer scale. When direct readings 
are used, a constant voltage transformer is absolutely essential, as the 
balancing photocell will not take care of al! line fluctuations except when 
the galvanometer shows no current flowing in the balanced circuit. The 
exact details of operation will be supplied to anyone interested in using 
this particular instrument. 

The second method of reading the tubes is to use the transmission dial 
to obtain the readings in the usual null point method. We do not use 
this method, because it is very much slower and does not improve the over- 
all precision of the test. 

The readings obtained are plotted against the number of Oxford units 
in the tubes and the points connected to form a smooth curve to be used 
as the standard (Fig. 1). The readings obtained on the unknown samples 
are compared against the standard curve and the number of Oxford units 
in the tube determined. (For examples of this calculation, see Table L.) 

Results—Several methods of approach have been used to test the re- 
liability of the method. These are (1) constancy of values obtained when 
potencies of samples are calculated from various portions of the standard 
curve (there should be no large drift in these values); (2) recovery ex- 
periments; (3) checking against the Oxford plate method which is apparent- 
ly quite specific for penicillin; (4) tests of the reliability and reproducibility 
of single points in a replicate series; (5) reproducibility of assay figures 
on successive days. 

? This cell consists of a specially selected Pyrex test-tube 18 mm. in diameter which 
has a 5 mm. tube fused to the bottom and connected by a rubber tube to a vacuum 
flask. A pinch clamp on the rubber tube is pressed to empty the tube after a sample 
has been read. This tube assembly is supported in a Saran tube containing windows 
7/8 X 11/32 inch aligned in the light path of the instrument. The upper portions of 
the Saran tube and Pyrex tube stick up above a bakelite cover far enough so that it 
is unnecessary to cover the tube to prevent light from getting to the photocell. 
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TaBLe I 
Example of Test and Calculations 


Standard curve (see Fig. 1) 

















Standard 5.0 Oxford units per ml. Oxford units per tube Galvanometer reading 
mi. 
0.12 0.6 81 
0.10 0.5 73.5 
0.08 0.4 66.8 
0.06 0.3 56 
0.04 0.2 42.5 
0.02 0.1 28 
0 0 10 
0 0 10.5 
0.08 0.4 67 
0.06 0.3 56.1 
0.04 0.2 42 
0.02 0.1 27.5 











Commercial sample; origina! solution contained 23.3 mg. per liter; solution diluted 1:3 




















ie s tube meme fF altel fom sandard yd . Oxford “o per ml. pale a 
e @ 

mi. 
0.16 58.5 | 0.320 2.00 
0.14 53.9 | 0.282 2.01 
0.12 48.1 0.240 2.00 
0.10 42 0.196 1.96 
0.08 36 0.157 1.96 
0.06 | 30.5 0.122 2.04 
0.04 | 24 0.082* 2.05 
0.02 | 14 
0.08 | 38 0.17 2.12 
0.06 31.9 0.13 2.16 
0.04 | 24 0.082* 2.05 2.04 
0.02 | 15.1 

2.04 X 3 : 

0.0233 262 Oxford units per mg. 


* Ordinarily only points falling between 0.1 and 0.5 Oxford unit are used in caleu- 
lations, as points outside this range give somewhat erratic results. In this case the 
points are included for the sake of illustration, since they show agreement with 
values obtained at other levels. 


Data illustrating these points follow. 

Effect of Incubation Time—In general there seems to be little difference 
whether 3, 3}, or 4 hour incubation times are used (see Table Ii). Per- 
haps in testing for slight differences in potency the 34 or 4 hour incubation 
may be preferable but for most purposes a 3 hour period is adequate. In a 
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few emergency cases incubation times as short as 2 hours and 10 minutes 
have been used to give approximate results. 

A comparison assay obtained on various samples at three incubation 
periods is given in Table II. 


Taste II 
Effect of Time of Incubation on Assay Values 





Potency calculated 











Sample o-8 
3 hrs. incu-| 3} hrs. in- | 4 hrs. incu- 
bation cubation bation 
Commercial penicillin, Ozford units per mg........... 310 303 | 316 
Diluted plant liquor, Ozford units per ml............. | 3.64 | 3.60 | 3.68 
Sample from flask fermentation, Ozford units per mg...| 189 | 191 | 196 





60|_ a aie 
70 bs 


Galvanometer Reading 
3s & 3 8 


8 





~ 
S 





RE ee ee ee 
0 QW QQ Q5 OF CO 
Oxford Units Per Tube 
Fie. 1. Typical standard curve for pencillin assay. The galvanometer read- 
ings are arbitrary; i.e., they are not in per cent transmission. 





The example in Table I is an illustration of lack of “drift” of values 
over about a 4-fold range when a partially purified sample is used for assay. 
A similar test on a diluted plant liquor sample recently run in routine 
testing gave the results shown in Table III. 

Recovery Experiments—Since most difficulty in obtaining specificity in 
microbiological materials is encountered with impure solutions, recovery 
tests were carried out on fermentation liquor. 
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8 Hour Incubation—Solution A; diluted fermentation liquor, 3.06 Oxford 
units found per ml. Solution B; equal volumes of standard solution (5.0 
Oxford units per ml.) and Solution A were mixed and assayed. Theo- 
retically this mixture should contain (5.0 + 3.06)/2 = 4.03 Oxford units 
per ml.; actually found by assay, 4.06. 

4 Hour Incubation—Solution A; fermentation liquor (as above), 3.15 
Oxford units found per ml. Solution B; same as Solution B above. Theo- 


TaBLe III 
Diluted Plant Liquor Sample 


Oxford units per ml. 


| 

















Volume Oxford units 
Ce" otal . o_pednain a Pie 
0.14 0.525 3.75 
0.12 0.45 3.75 
0.10 0.388 3.88 
0.08 0.33 4.10 
0.06 0.232 3.87 
0.04 0.147 3.68 
0.02 
0.08 0.31 3.88 
0.06 0.242 4.03 
0.04 0.141 3.53 
0.02 
SED. nn v's vecstagh dep etneeeuebeabecenenest Tae 3.83 
TaBie IV 


Comparison with Ozford Plate Method and Series Dilution 
The results are expressed in Oxford units per mg. 











aus uae | This method Oxford Series dilution 
A 246 257 240 
B 348 352 403 
Cc 371 354 404 
D 348 324 359 
E 296 286 315 














retically this mixture should contain (5.0 + 3.15)/2 = 4.08 Oxford units 
per ml.; actually found by assay, 4.19. 

Checks against Other Methods—-Many samples of fermentation liquor have 
been run and these usually check within 2 to 10 per cent of the Oxford 
values. Several other samples are listed in Table IV for comparison. 
(The author wishes to acknowledge the kind cooperation of Dr. Ernest 
Weber of this laboratory who ran the Oxford tests for comparison.) 
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Reproducibility of Single Points—A standard curve was set up with six 
replicate points at each of the following points: 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, 
and 0.0 Oxford units per tube. These were read in the usual manner and 
the mean and average deviation from the mean were calculated. The 
Oxford equivalent of the average deviation was calculated and from this 
the average percentage deviation of the single points was determined, 
While this number of points is not suitable for strict statistical analysis, 
the results obtained give a fairly good indication of the degree of reliability 
of single points. The percentage deviations obtained were as follows: 2.7, 
1.9, 1.9, 6.3, 7.2, and 4.8 per cent at the 0.6, 0.5, 0.4, 0.3, 0.2, and 0.1 Oxford 
unit levels respectively. Since an assay value is usually composed of six 
to eight points, the deviations tend to cancel and give an average value 
which is, of course, closer to the true value than that of single points. 

Reproducibility from Day to Day—A comparison of reproducibility of 
this method and the Oxford and series dilution methods is shown in Table V, 


TaBLe V 
Reproducibility of Assays from Day to Day 
The results are expressed in Oxford units per mg. 


Method ist day 2nd day | 3rd day 
Series dilution...... oo q | 309 | 348 338 
RRR Ea “fo Ee ' ath 337 349 | 303 
This method, 4 hrs. incubation........ ee Ea ae , 316 =| = 307 299 
"7 so ” J. rr ante wens a | 303 | 


" . . % " dnvces dee MbGAdececvecss ae 


Effect of Inoculum—The amount of inoculum and its exact age are not 
critical within fairly wide limits. Three tests were run on a diluted plant 
liquor sample with inocula which had grown 64, 24, and 72 hours at 37°. 
The assay values obtained were 4.06, 4.13, and 4.18 Oxford units per ml. 
respectively. The Oxford test value was 4.16 on the same liquor. 

Effect of Seitz Filtration—A solution of the standard was passed serially 
through five separate micro Seitz filters. Although there was a considerable 
reduction in volume due to absorption by the filter pads, there was no 
appreciable adsorption of the penicillin. The standard curve obtained from 
the filtered solution was almost exactly superimposible on the curve ob- 
tained from the standard solution which was only filtered once. 


DISCUSSION 


During the time this method was under investigation three other short pe- 
riod tests have appeared. In one of these (3) Bacillus adhaerans is employed 
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and has the advantage of being completely non-pathogenic. However, the 
test must be run in Erlenmeyer flasks which must be shaken throughout 
the incubation period. The agreement between the method and the Oxford 
plate method is not particularly good. 

In another test (4) a strain of 8-hemolytic streptococcus is employed 
which is not well suited to routine testing because of its high pathogenicity. 

The third method (5), which is similar to that of Foster (1) and to that 
presented in this paper, for some reason does not achieve the reproduci- 
bility of points that a turbidimetric method is capable of giving. This 
may be seen in the non-superimposibility of the standard curves. The 
use of optically matched tubes for growing the organisms is satisfactory 
for small numbers of tests but is not advantageous when many routine 
tests must be made per day. 

Since the series dilution method and the Oxford plate method are both 
used at this laboratory, it has been possible to compare this short time 
turbidimetric method with these methods under actual operating con- 
ditions. 

It has been our experience that the series dilution method requires the 
least amount of time and equipment. However, the results are not precise 
enough to yield accurate values unless duplicate tests of several different 
initial dilutions are run on each of 2 or 3 days. Since this involves twelve 
to eighteen tests, the initial advantage of the small amount of time required 
to put in the test is completely overcome. Single tests may be used when 
only a rough approximation of the penicillin content is required. 

In using the modified Oxford plate method, Dr. Weber of this laboratory 
has found the precision of the test to be improved by the use of a daily 
standard instead of a “composite” standard often used. The cost of equip- 
ment for this test is very high because of the large number of Petri dishes 
and ground glass cylinders involved. The precision is in general quite 
good but occasionally results on one day or on certain samples may be 
quite far out of line. The exact cause of this is difficult to determine but 
research is being carried out to try to eliminate it. 

The equipment cost of the short time turbidimetric method is less than 
that of the Oxford test if many samples are to be run, but if only a few 
samples are run the cost is greater owing to the cost of the colorimeter. 
The precision of the test is somewhat better than that of the Oxford method. 
The time required for putting in the test and reading it is approximately 
the same. The potency of the material does not have to be known as 
closely to put in the turbidimetric test as for the Oxford. 

In developing the method presented in this paper, two factors were kept 
in mind, accuracy and speed (not only in cutting down the incubation 
time but also in the time required to put in the samples and read them). 














258 ASSAY FOR PENICILLIN 


To achieve accuracy, the amount of penicillin in the tubes must be 
the sole limiting factor in the growth of the organisms; 7.c., all other varia- 
tions should be eliminated. We have tried to obtain this by several 
means. (1) An automatic pipetting machine is used for putting medium into 
the tubes. This makes possible the filling of twenty-four tubes per minute; 
so that there is no large time gap between the filling of the tubes in the first 
and last parts of the test. (2) A mechanically stirred water bath incubator 
is used because all the tubes come to the same constant temperature 
rapidly and stay there for the incubation period. Owing to poor heat 
transfer, an air incubator is not satisfactory. (3) A balanced cell photo- 
electric colorimeter equipped with a constant voltage transformer gives 
good stability in the reading process. (4) All cells are killed practically 
simultaneously in all the tubes by steaming. 

Speed in the test is helped by the automatic pipette but the most crucial 
point is in the reading of samples. The cell used here empties by vacuum 
and 60 tubes may be read and recorded in 15 to 16 minutes. (This in- 
cludes the time taken in rinsing the tube with clear medium between 
different samples.) 


SUMMARY 


A turbidimetric assay procedure for penicillin has been developed which 
is not only rapid but also more precise than the Oxford plate method. 
Several labor-saving devices have been incorporated to reduce the time 
necessary for putting in the test and reading it. The method has been 
checked quite thoroughly to establish its dependability. 
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Many chemical methods for the quantitative estimation of choline have 
been described. The colorimetric modification of the reineckate method 
of Beattie (1) has proved successful only with relatively high concentrations 
of choline. The sensitivity of the reineckate method has been greatly in- 
ereased by Marenzi and Cardini (2). With this method it is possible to 
determine choline in samples containing as little as 15 y. However, in our 
laboratory this method was found to be unsatisfactory for the determination 
of free choline in body fluids. Available chemical methods are either very 
laborious or are suitable for the determination of only total choline in 
blood. 

The need for a suitable method for the determination of free choline in 
body fluids and tissue extracts is stressed in a recent review by Best and 
Lucas (3). Such a method would certainly aid in studying the metabolism 
of this physiologically important substance. 

Recently a microbiological method suitable for the quantitative estima- 
tion of small amounts of choline was described by Horowitz and Beadle (4). 
In this method the choline present in lecithin possessed approximately one- 
half of the activity of free choline. dl-Methionine also interfered with the 
assay when present in excess of 0.1 mg. per 25 ml. of the culture medium; 
however, this could be eliminated by adsorption on permutit. An adapta- 
tion of the microbiological method appeared to offer the best possibility 
of measuring the free choline in blood and urine. 

Preliminary tests showed that most of the free choline in blood was 
present in the plasma and that the cells contained only a small proportion. 
For example, in a sample of sheep blood the plasma contained 36 y of free 
choline per ml., while the cells contained only 5 y per ml. For this reason 
the method described here is for plasma; however, there is no reason to be- 
lieve that it would not be equally satisfactory when applied to laked blood. 


Procedure 
Blood Plasma—To 5 ml. of plasma in a 50 ml. centrifuge tube are added 
20 ml. of acetone to precipitate the lecithin. The resulting precipitate is 
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removed by centrifugation, and the supernatant liquid decanted into 
beaker. The acetone is evaporated off over a steam bath. The remaining 
liquid is made up to a convenient volume, usually 50 ml., with water. Alj- 
quots of 1 and 2 ml., representing 0.1 and 0.2 ml. of plasma, are added to the 
flasks containing the choline-free medium, described by Horowitz and Beadle 
(4). The inoculation with cholineless, incubation, and measurement 
of growth response are carried out as described in the original method (4), 

Urine—10 ml. of undiluted urine are passed through a column containing 
1 gm. of permutit. This step is essential to remove interfering foreign 
growth stimulants. The adsorbed choline is then eluted with 10 ml. of 
5 per cent sodium chloride. In the case of human urine | and 2 ml. of the 
eluate representing equivalent amounts of urine were found to contain 
adequate amounts of choline to give the desired growth response. Evi- 
dence will be presented later showing that all of the choline in urine is in 


the free form. 


EXPERIMENTAL 


In order to determine whether or not all the lecithin was precipitated by 
the acetone treatment, the total choline of the plasma was determined. 
Then the free choline of the plasma and the total choline of the acetone 
precipitate were determined. The results per ml. of plasma were total 
choline 150 y, free choline 40 y, and total choline on the acetone precipitate 
101 y. All but 9 y were accounted for in the free choline and the acetone 
precipitate. This is well within the range of accuracy claimed for the 
original method. Using larger amounts of acetone did not alter the results, 
The addition of acetone to the supernatant liquid prepared by mixing 5 
ml. of plasma and 20 ml. of acetone did not give a precipitate, indicating 
that the 1:4 ratio of plasma to acetone is adequate to remove all of the 
lecithin. 

Recovery Experiments--Known amounts of choline chloride were added 
to blood plasma and urine. These were then analyzed for choline by the 
method described. Both total and free choline were determined on the 
plasma. For the determination of total choline the plasma was first auto- 
claved with 3 per cent sulfuric acid for 2 hours at 15 pounds pressure, and 
the sulfuric acid removed with barium hydroxide. The urine samples 
were each from different individuals. 

From the data in Table I it is apparent that the recovery of added choline 
came well within the range reported by Horowitz and Beadle. In the 
plasma the recovery was essentially as good whether on the basis of the 
free or total choline. The average recovery for the plasma for both the 
total and free choline was 100 per cent. The recovery from urine was 
slightly more variable than for plasma, but can be considered to be quite 


satisfactory. 
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Effect of Adsorption—dl-Methionine in high concentrations stimulates 
the growth of cholineless. Other substances may be present in plasma and 
urine which would interfere with the assay. Adsorption on permutit has 
been shown to be a satisfactory means of removing such substances (4). 
Tests were carried out to determine whether adsorption is a necessary step 
in the determination of free choline in plasma and urine, Assays were made 
on urine and acetone-treated plasma before and after adsorption on per- 
mutit. The results for plasma (Table II) are essentially the same irrespec- 
tive of whether or not the acetone-treated plasma was passed through the 
adsorption column on permutit. The average free choline for the plasma 
from four different species was 34.7 y per ml. for both the adsorbed and non- 
adsorbed samples. It is evident from this that plasma does not contain 


Taste | 
Recovery of Choline 








| Choline | 


Choline 





_ be considered to be due to experimental error. 





Sample vee | content of | “Sided Total Found 
7 per mi. ¥ per mi. y per mi. y per mi. | per cent 
Plasma, horse........ Free 40.0 | 10.0 | 50.0 | 51.0 | 102 
a ue Total 150.0 | 10.0 | 160.0 | 161.0 | 101 
“ beef Free 40.0 | 20.0 60.0 | 63.0 | 105 
sled Total | 165.0 | 20.0 | 185.0 | 183.0 | 99 
a sheep....... Free 33.0 20.0 53.0 52.0 | 98 
“ wy a Total | 107.0 | 30.0 | 187.0 | 133.0 | 97 
Urine, human Free 7.0 5.0 | 12.0 11.4 | 95 
“ “ “ 5.6 | 10.0 | 15.6 15.8 | 101 
“ “ a 8.0 | 15.0 23.0 | 21.0 | 9 
20.0. | 29.0 | 103 


- er | ° 8.0 | 


| 28.0 





significant amounts of substances that interfere with the microbiological 
determination of choline. 

Samples of urine from eight individuals were assayed for choline both 
before and after adsorption on permutit. In every case the choline values 
were slightly lower after adsorption. The average choline value per ml. 
of urine before adsorption was 6.6 y, while the value after adsorption was 
6.0 y. This difference is not large, but it was very consistent and cannot 
When substantially higher 
levels of choline occur in urine, adsorption may not be essential, but at the 
levels encountered here it definitely enhances the accuracy of the deter- 
mination. 

Effect of Acetone Treatment of Urine—Since lecithin is not considered to 
be a normal constitutent of urine, it presumably would not be necessary 
to treat urine with acetone for the determination of free choline. The 
choline content of urine is so low that it does not permit autoclaving with 
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sulfuric acid as in the determination of total choline in plasma. In the 
method for total choline there is considerable dilution. This would result 
in such a low level of choline in the hydrolyzed urine that the growth re- 
sponse would not be measurable. 


Tas.e II 
Effect of Adsorption on Free Choline Values 

















Sample No adsorption After adsorption 
wt Da cs Mas ir: 1 2 a ayer a” “ais met y per ml. a 
Plasma | Horse 40 42 
Sheep 33 32 
| Beef 40 38 
Pig 26 | 27 
Daschenciecdncnasanes » Qebent> | 34.7 | 34.7 
Urine | Human 8.0 7.0 
- 7.0 6.2 
° 5.6 5.1 
6.0 5.6 
- 5.1 4.6 
a 6.5 5.7 
e 4.2 3.8 
“ 10.4 9.8 
SR TEs a aths dauan hed * | 6.6 6.0 
Taste III 
Choline Content of Human Plasma and Urine 
| Plasma 
Subject = aie cin = Urinary excretion 
Free Total 
¥ ¥ per mi. > per mi. i mg. pm y pwr 
A 44 260 7.1 
B 74 305 9.0 
Cc 75 286 8.2 
D 56 350 5.6 




















The possible presence of bound choline in the form of lecithin in urine 
could be tested by adding acetone to the urine. This was done as described 
for the determination of free choline in plasma. The average choline con- 
tent of four different samples of urine, run in quadruplicate, before treatment 
with acetone was 6.8 y per ml. and 6.6 y per ml. after treatment with ace- 
tone. This affords confirmatory evidence that free choline only is present 
in urine. 
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Effect of Storage—In order to determine whether or not the choline con- 
tent of plasma changes during storage several samples of plasma were 
stored at approximately 7° for 6 days. The results showed that there is 
no change in the free choline content of plasma during storage at the tem- 
perature indicated. The values on the stored samples were virtually 
identical with the values for the samples when fresh. 

Choline Content of Human Blood and Urine—Blood was obtained from 
four adult healthy males and the urine from the same individuals was 
collected over a 24 hour period. In addition to the free choline content 
of the plasma, the total choline was determined so that the latter values 
obtained by the microbiological method could be compared with values 
available in the literature. The values for total choline in the four samples 
of human blood (Table IIT) ranged from 260 to 350 y per ml. of plasma. 
These values are of the same order as the single figure of 238 y of choline 
per ml. of human plasma obtained colorimetrically by Marenzi and Cardini 
(5). The free choline content of human plasma ranged from 44 to 75 y 
per ml. These values are somewhat higher than those for other species 
(Table II). 

The daily urinary excretion of choline for the four individuals ranged 
from 5.6 mg. to 9.0 mg. These individuals were presumably receiving 
adequate diets, but they were not on the same dietary regimens. The 
relationship between choline intake and the daily renal excretion remains 
to be determined. 


SUMMARY 


The determination of free choline in plasma and urine by the microbi- 
ological method is described. The method appears to be equally applicable 
to the determination of total choline in blood. 

Free choline in blood occurs chiefly in the plasma, with only a relatively 
small amount in the cells. The free choline in human plasma ranged from 
44 to 75 y per ml. This is somewhat higher than values observed in the 
horse, sheep, and cow. 

The choline in urine exists entirely in the free state. The daily urinary 
excretion of choline of four adults ranged from 5.6 mg. to 9.0 mg. 
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In a previous paper (1) it was reported that the rendered body fats of 
rats which had been raised from the time of weaning to the age of 100 days 
on & vitamin E-free diet were abnormally susceptible to oxidation at the 
C=C linkages by atmospheric oxygen. More specifically, oxygen ab- 
sorption measurements at 100° were characterized by the almost complete 
absence of an induction period. It was further found that the addition 
of a single dose of 200 mg. of a-tocopherol to the diet of rats on the vitamin 
E-free regimen restored the stability of their body fats to normal levels. 
Attempts to deposit various antioxidants other than the tocopherols in the 
adipose tissues of such rats via the diet have failed (1)'. These and other 
observations indicated that tocopherols are the only antioxidants that 
occur normally in the adipose tissues of rats, and that they are derived 
exclusively from the diet. 

At the present time a sensitive, specific, and widely applicable procedure 
for the chemical determination of tocopherols is lacking. The above con- 
clusions immediately suggested an experimental technique for studying 
quantitatively the behavior of tocopherols in adipose tissues under various 
conditions, pending the development of a satisfactory chemical method. 
The present paper is concerned with the application of this technique and 
extends observations made previously. 


EXPERIMENTAL 


All of the rats used in the following experiments were females raised 
from the time of weaning on a vitamin E-free diet of the following per- 
centage composition : sucrose 52.5, casein 19.1, lard 19.1, salts? 4.3, yeast 5.0, 
and approximately 500 1.u. of vitamin A concentrate to each rat twice 
monthly. The lard used in composing the diet had been rancidified by 
blowing air through it at 75-100° until it had attained a peroxide content 


* Aided by grants from the Hormel Research Foundation, the National Dairy 
Council, and the Graduate School of the University of Minnesota. 
' Hanson, H. T., Barnes, R. H., Lundberg, W. O., and Burr, G. O., in preparation. 
* Salt mixture described by McCollum, E. V., and Simmonds, N., J. Biol. Chem., 
88, 63 (1918). 
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of 20 or more milliequivalents per kilo, thus insuring the destruction of 
tocopherols occurring naturally in the lard. 

The general procedures followed in sacrificing the rats and in rendering 
the fats were identical with those previously described (1). Only the ab- 
dominal fat depots exclusive of the mesentery were used; reference will 
hereinafter be made to them simply as “abdominal fats.” 

The oxygen absorption measurements were made with a partly insulated 
standard Warburg respirometer at 100°, essentially in accordance with the 
technique described by Johnston and Frey (2). Butyl phthalate was used 
as the manometer fluid. The flasks were shaken through an amplitude 
of 3 em. at the rate of 100 to 110 oscillations per minute. Readings were 
made at 10 minute intervals. In the beginning of a run the flasks were 
thoroughly flushed with oxygen from a cylinder to remove air and then 
equilibrated in the bath for 10 minutes at atmospheric pressure before 
the capillaries were closed. Under the conditions used in these measure- 
ments the induction period of a fat is almost completely independent of 
the oxygen pressure; slight variations from day to day in the atmospheric 
pressure at which the flasks were equilibrated were therefore disregarded. 

In obtaining the measurements recorded in Figs. 1 and 2, ordinary conical 
Warburg flasks of 15 to 18 ml. capacity were used. These flasks were 
later replaced by a more satisfactory cylindrical type (2). 

Iodine numbers were determined in duplicate on many of the fats, with 
the mercuric acetate modification of the Wijs method. 

Reference Curve 1—The abdominal fats from a group of the vitamin 
E-deficient rats were pooled and rendered. Oxygen absorption measure- 
ments revealed that the fat had a negligible induction period and its tocoph- 
erol content was therefore assumed to be nil. Synthetic a-tocopherol 
(Merck) was dissolved in absolute alcohol and aliquots were added to 
weighed amounts of the fat to give solutions ranging in concentration from 
0 to 80 y of tocopherol per gm. of fat. After complete removal of the 
alcohol by evacuation at approximately 75°, replicate oxygen absorption 
measurements were made on 0.2 ml. samples. 

With the exception of the fat containing no added tocopherol, it was 
found in all cases that there was a period of low and relatively uniform 
oxygen uptake which ended in a sudden and rapidly accelerated increase 
in the rate. The rise was sufficiently sharp to define the induction period 
within the time interval between readings; 7.e., 10 minutes. The behavior 
of many animal fats in this respect is in marked contrast to that of various 
tocopherol-containing vegetable oils and appears to have been satisfactorily 
explained by Golumbie (3). 

The observed induction periods are recorded in Fig. | as a function of the 
tocopherol concentration in micrograms per gm. of fat. In common with 
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the observations made by numerous investigators on the antioxygenic be- 
havior of a-tocopherol (and other phenolic antioxidants), it is found that 
a given increment of the antioxidant is less effective in lengthening the 
induction period as the antioxidant concentration increases. 

The fat used in this experiment is ideally adapted as a substrate for use 
in studying some of the properties of fat antioxidants; unlike other natural 
or processed fats, it appears to contain inappreciable amounts of either 
antioxidants or prooxidants. 

Deposition of a-Tocopherol in Abdominal Fat Tissues—Vitamin E-de- 
ficient rats whose history was identical with that of the group used in 
obtaining the reference curve were fed single 50 mg. doses of a-tocopherol. 
The tocopherol was dissolved in the ethyl esters of corn oil fatty acids 
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Fig. 1. Reference Curve 1. Relation of induction period to the concentration of 
a-tocopherol. 


from which all unsaponifiable material had been removed, in a concentration 
of 50 mg. per ml., and 1 ml. of the solution was fed to each rat by stomach 
tube. The rats were then sacrificed at various intervals in groups of two, 
and the fats were removed and rendered as soon as possible. In Fig. 2 
the induction periods are recorded as a function of the interval between 
the administration of tocopherol and sacrifice. Each point on the curve 
represents an average of at least two oxygen absorption measurements. 
The irregularities in the distribution of the points are largely due to varia- 
tions in the small groups of rats. 

The iodine numbers of the fats in this series were within the limits 70.1 
and 70.8, except the 63 day sample which had an iodine number of 71.5. 
It appears justifiable to assume that the differences in induction periods 
are almost entirely attributable to differences in tocopherol content and 
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only negligibly related to differences in composition. On the basis of this 
assumption, the induction periods have been converted to tocopherol con- 
centrations by means of the reference curve in Fig. 1, and the results are 
given in Fig. 3. 
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Fig. 2. Relation of induction period to the time interval between the feeding of 
a-tocopherol and sacrifice of the animal. 
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Fic. 3. Relation of the concentration of deposited a-tocopherol to the time inter- 
val between the feeding of a-tocopherol and sacrifice of the animal. 


Miller and Burr (4) have shown that a-eleostearic acid of tung oil attains 
a maximum deposition in the body fats of rats approximately 48 hours 
after feeding 0.6 to 0.9 gm. of tung oil. Since the maximum deposition 
of a-tocopherol is not attained until 7 to 10 days after oral administration 
(Fig. 3), it seems clear that a temporary deposition or storage of tocopherol 
occurs elsewhere in the animal, followed by a subsequent gradual redis- 
tribution. 
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Of the 50 mg. that were fed, the maximum concentration found in the 
rendered fat was approximately 27 y per gm. Although the tocopherol 
js distributed in many of the organs and tissues, the body fats are normally 
one of the sites of relatively high concentration (5), and no greatly pre- 
dominant site of storage has yet been discovered. Some evidence has been 
presented (6) showing that when excessive amounts of tocopherols are fed 
large fractions are excreted in the feces. Therefore, as will be discussed 
in further detail later, at least some of the fat depots must be regarded 
as possible important sites of tocopherol storage, in spite of the low con- 
centrations deposited relative to the amounts fed. 

Reference Curve 2—On the basis of results previously published it had not 
been anticipated that large amounts of a-tocopherol could be deposited in 
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Fic. 4. Reference Curve 2. Relation of induction period to the concentration of 
a-tocopherol. 


the adipose tissues by feeding. For the next experiment, when larger doses 
of tocopherol were fed, it became desirable to extend the reference curve 
given in Fig. 1. Another group of vitamin E-deficient rats was therefore 
sacrificed and a new reference curve prepared that included much higher 
concentrations of a-tocopherol. Triplicate oxygen absorption determina- 
tions were made on 0.4 ml. samples with the 70 ml. cylindrical flasks, 
The results are given in Fig. 4. 

The induction periods were sharply defined at all tocopherol concentra- 
tions, even at 2500 y per gm. However, at the higher concentrations the 
rate of oxygen absorption during the induction period was greater. This 
is in harmony with the observations made by Swift, Rose, and Jamieson 
(7), who found that the rate of peroxide formation in methyl oleate, methy| 
linoleate, and methyl esters of cottonseed oil was greater during the in- 
duction period at higher tocopherol concentrations. 
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Golumbic (3) reported that above a 0.10 per cent concentration (1000 
7 per gm.) in cottonseed oil esters and in lard the further addition of tocoph- 
erols shortened the induction period. Fig. 4 demonstrates that a maxi- 
mum in the induction period is similarly found in the abdominal fats from 
rats used in these experiments at approximately the same level of a-tocoph- 
erol concentration. ; 

Effects of Feeding Large Amounts of a-Tocopherol—Four groups of rats, 
two in a group, with the same history as those used in preparing reference 
Curve 2, were fed daily doses of 50 mg. of a-tocopherol until total intakes 
of 50, 125, 250, and 500 mg. had been provided. The groups were saeri- 
ficed 7 days after the last feeding. The induction periods of the rendered 
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Fic. 5. Relation of induction period to the amount of a-tocopherol fed 


fats are given in Fig. 5. As before, the variations in iodine numbers were 
negligible. 

The induction periods in relation to the amounts of tocopherol fed tend 
to level off at the higher intakes. However, when the induction periods 
are converted to equivalent tocopherol concentrations (Fig. 6), it is seen 
that the tocopherol concentration is still increasing rapidly at the largest 
quantity fed. Moreover, the rats were all killed 7 days after the last 
feeding on the assumption that the maximum concentration had been 
attained. In spite of the fact that no more than 50 mg. were administered 
daily, it is conceivable that at the larger total intakes the maximum con- 
centration of approximately 97 y per gm. recorded in Fig. 6 at an intake 
of 500 mg. must be regarded as a low value. 

Attempts were made to measure the amount of tocopherol deposited 
when very small amounts were fed. The results were inconsistent, partly 
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because an insufficient number of rats was used to average the relatively 
greater individual variations encountered at the low levels. However, the 
administration of 1 mg. of a-tocopherol* markedly influenced the stability 
of the fat, producing an induction period of 43 minutes in the fat from two 
rats. The administration of 10 mg. produced an induction period of 113 
minutes in the fat from two rats. 

The conversion of induction periods to tocopherol concentrations by 
means of the reference curves involves the important assumption that the 
a-tocopherol is deposited in the adipose tissues in a form that has the same 
antioxygenic activity as a-tocopherol dissolved directly in rendered fat. 
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Fie. 6. Relation of the concentration of deposited a-tocopherol to the amount fed 


100 


In order to test the validity of this assumption, the fats from the rats 
described above which had been fed 0, 250, and 500 mg. of a-tocopherol 
were analyzed by a chemical method. The chemical method used, as yet 
in the process of development,‘ is a modification of the Furter-Meyer 
method (8). By the method here being described the three fats were found 
tocontain 0, 62, and 97 y of a-tocopherol per gm., respectively; the chemical 
method gave corresponding figures of <3, 52, and 98. It seems highly 
probable, therefore, that a-tocopherol is deposited largely in unaltered 
form in adipose tissues, or, if not, then in a form which has substantially 
the same antioxygenic activity. 


*The amount needed to cure sterility in the majority of young female rats. 
*Chipault, J. C., Lundberg, W. O., and Burr, G. O., in preparation. 
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DISCUSSION 


The increasing deposition of a-tocopherol obtained by feeding increasing. 
ly large doses appears to contradict the results previously reported (1) 
in which it was found that the addition of 0.25 ml. of 15 per cent mixed 
tocopherols twice weekly for 1 month to the diet of rats reared on a normal 
diet did not appreciably increase the stability of the abdominal fats. The 
earlier experiment differed from the present one in several important re. 
spects: (a) The additional supplement of tocopherols was in the form of 
a concentrate of mixed tocopherols of unknown composition ; (6) the animals 
had been fed on normal diets from the time of weaning; and (c) the induction 
periods were measured by other methods. As will be indicated in the 
following discussion, the first of these considerations appears to be partie- 
ularly important. 

Mason (5), using a bioassay method, studied the relative vitamin E 
contents of various organs and tissues of rats reared on low vitamin F, 
high vitamin E, and excess vitamin E diets. In the latter two diets the 
vitamin E was added in the form of raw wheat germ and mixed tocopherols, 
respectively. It was estimated that the three diets supplied 4, 100, and 
10,000 times the minimum daily requirements. Comparing the high vita- 
min E with the low vitamin E diet, he found that the former caused a 
14-fold increment in liver storage, but increased the vitamin E content 
of other tissues, including body fats and muscle tissues, by only 3 to 44 
times. The relative differences in these ratios appeared to be even greater 
in a comparison of rats fed excess vitamin E with those fed the low vitamin 
E diet. (As is the case with our own present results, the ratios observed 
by Mason for body fats apparently disagree with the results of our earlier 
experiment cited above.) He concluded that the metabolic needs of other 
tissues are satisfied at the expense of liver storage and that the liver con- 
stitutes the chief repository for vitamin E when the intake is optimal or 
greater. 

Hines and Mattill (6), using a chemical method, reported that in rats 
which had been fed vitamin E concentrates (mixed tocopherols) equivalent 
to 100 mg. of tocopherol daily for an unspecified period, the average tocoph- 
erol content of the livers was 42.3 y per gm., and of muscle tissue, 11.9. 
The diet presumably contained considerably more tocopherol than the high 
vitamin E diet used by Mason. In rats on normal diets the figures were 
22.1 and 7.5, respectively, and in rats on vitamin E-deficient diets, 22.6 
and 4.8. The tocopherol content of the vitamin E-deficient diet used by 
these investigators was presumably as low or lower than that of the low 
vitamin E diet used by Mason. Contrary to the latter’s findings, the ratio 
of the liver content between the rats on high vitamin E and the vitamin 
E-deficient rats is lower than the ratio of the muscle content. Considering 
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the very great difference in the vitamin E content of the high vitamin E 
and the vitamin E-deficient diets, the remarkably low ratios calculated 
from the results of Hines and Mattill are comparable to the results we 
obtained in abdominal fats in our earlier experiment, but appear to disagree 
with the results of the present experiment. These investigators conclude 
also that hepatic storage may explain the protracted vitamin E deprivation 
that rats may undergo without demonstrating the symptoms of vitamin 
E deficiency, probably because the absolute differences in liver contents 
are greater than those in muscle. 

Having discussed apparent contradictions between the results of the 
above investigators, our previous results, and the results of the present 
investigation, we find it necessary to emphasize that the contradictions may 
be more apparent than real, since there were major differences in the ex- 
perimental conditions and techniques used. The purpose of the discussion 
has been to illustrate that the functions of deposition and storage cannot 
be ascribed primarily to any one organ or tissue on the basis of results 
heretofore obtained. Before a clear understanding of the phenomena of 
deposition and storage of tocopherols can be achieved it appears likely 
that it will be necessary (a) to study the contents of all tissues at various 
definitely known intakes of tocopherol and (b) to study the pure tocopherols 
individually. It may be found that the relationships in deposition and 
storage between various tissues will vary with both of these factors. 

In the present investigation, in which synthetic a-tocopherol alone was 
used as the source of vitamin E, it was found that an intake of 500 mg. 
resulted in a minimum deposition of 97 y per gm. of rendered abdominal 
fat. In the absence of knowledge concerning the content of other tissues 
in this experiment, no specific conclusions can be drawn. Since Hines and 
Mattill found, however, that an administration of vitamin E concentrate 
equivalent to 100 mg. daily resulted in only 42.3 y per gm. in the liver, 
the abdominal fats as well as the liver must be regarded as possible impor- 
tant storage sites under certain conditions. 

The precise function or functions of tocopherols in animal tissues are 
still obscure. The interruption of pregnancy and damage to the sexual 
organs produced by Kudrjashov and coworkers (9-11) and others (12) by 
feeding or injecting decomposition products of rancid fats suggest that 
tocopherols may prevent an in vivo oxidation of fats similar to in vitro 
rancidification (with or without enzymes). Other investigators (13) dis- 
pute their results, ascribing the effects to conditions associated with the 
meager stores of vitamin E in the animals used. Houchin and Mattill 
(14) and Houchin (15) postulate that a-tocopherol, in the form of a phos- 
phate, plays an important réle in a complicated enzyme system in muscle 
tissue. 
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SUMMARY 


A technique has been described by means of which changes in the tocoph- 
erol content of the adipose tissues of rats may be quantitatively studied. 

A maximum deposition of a-tocopherol in the abdominal fats of vitamin 
E-free rats, exclusive of the mesentery, is not achieved until 7 to 10 days 
after feeding a single 50 mg. dose. The concentration of tocopherol de- 
creases slowly thereafter, reaching a level of about one-half of the maximum 
after 2 months. 

The feeding of a-tocopherol in various amounts up to 500 mg. results 
in the deposition of increasing amounts in the abdominal fats. The 
amounts deposited indicate that the fat depots may be major sites of storage 
under certain conditions. 

Apparent discrepancies between the results of various investigators in- 
dicate that further work must be done in which various known amounts 
of a single tocopherol are fed before any final conclusions may be drawn 
concerning the relationships between various tissues in the deposition and 
storage of tocopherol in the rat. 
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It is well known that the hemoglobins obtained from members of different 
species are different, and that the differences originate in the globin portion 
of the molecules. It is not entirely clear, however, whether the hemo- 
globins obtained from different members of the same species are the same, 
or whether the blood of a given individual contains more than one kind of 
hemoglobin molecule, and, if so, whether there are changes in the amounts 
of the different kinds with the age and condition of the individual. 

Various experiments have been reported which deal with these questions. 
In 1927 Valer (1) made analytical measurements of the percentage of iron 
and sulfur in purified hemoglobin from different sources. In all cases the 
amount of iron was the same (0.33 per cent), but the amount of sulfur varied 
from one species to another. In the cat and cow, samples from different 
individuals were always alike, but in the horse and dog the sulfur content 
varied from one sample to another in a way which was interpreted to mean 
that dog hemoglobin is a mixture of several different kinds of molecules and 
that different individuals differ in respect to their hemoglobin. These 
results received confirmation in later studies of Kaiser (2), Timar (3), 
and Simonovits and Balassa (4). Schenck (5), in 1930, reported differences 
in the amino acid content of hemoglobin from different human individuals 
but it is questionable whether the differences do not lie within the limits 
of error of his analyses. Schenck has also reported a difference in the rate 
of digestion by pepsin of adult and fetal hemoglobin of man. On the basis 
of studies of the rate of denaturation of hemoglobin by strong alkali, 
von Kriiger (6) and subsequently von Kriiger and Bischoff (7) and Bischoff 
and Schulte (8) concluded that fetal hemoglobin in man is different from 
that of the adult, being more resistant to denaturation. Similar conclu- 
sions have been reached by Haurowitz (9, 10) and by Brinkman and his 
associates (11), who state that the blood of new born infants contains, in 
addition to the fetal type of hemoglobin, 20 per cent of a less resistant form 
which they identify with that of the adult. Brinkman and his associates 
also state that adult human blood contains 8 to 20 per cent of a resistant 
hemoglobin which may or may not be identical with fetal hemoglobin. 
These conclusions are supported by later studies of Brinkman and Jonxis 
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(12) on the rate of spreading of hemoglobin in monolayers. In these studies 
of Brinkman it was found that the resistant form of hemoglobin in fetal 
blood disappears 7 months after birth and is replaced by the resistant form 
in adult blood at 2? years. 

There are numerous other studies directed to the problem of establishing 
a difference between adult and embryonic hemoglobins. Perrier and 
Jannelli (13) made optical measurements of crystals of hemoglobin from 
adult and new born human beings. They reported that the crystals from 
adults were biaxial; those from the new-born, uniaxial. These results were 
later confirmed by Haurowitz (10). On the other hand, careful spectro- 
scopic studies of Jongbloed (14) in the ultraviolet region showed no differ- 
ence between hemoglobin from adults and new-born. The greatest amount 
of work, however, has to do with the oxygen equilibrium. Haselhorst 
and Stromberger (15), in connection with the problem of oxygen secretion 
by the placenta, made measurements of the oxygen dissociation curves of 
maternal and fetal whole blood of man. They determined the oxygen 
affinity’ of the two kinds of blood in relation to pH and showed that at a 
given pH the affinity was higher in the case of fetal blood than in the adult. 
They believed that the difference is the result of an adaptation on the part 
of maternal blood, resulting in a decrease of oxygen affinity. In 1933, 
McCarthy (16) made gasometric measurements of the oxygen dissociation 
curves of purified goat hemoglobin dissolved in m/15 phosphate at pH 
6.8. All samples of maternal hemoglobin gave the same curve, with n = 
2.2+ 0.3.2 In fetal hemoglobin the value of n was found to be 2.0 + 0.4 
and the oxygen affinity was approximately twice that of maternal hemo- 
globin. The two kinds of hemoglobin gave rise to different membrane 
potentials, but the osmotic pressure measurements showed no evidence of a 
difference of molecular weight. In a very recent communication (17) 
McCarthy reported similar results on solutions of fetal and adult hemo- 
globin of the sheep. The hemoglobin of the adult has a lower oxygen 
affinity and a higher value of n than fetal hemoglobin, but there is no 
difference between the osmotic properties of the two. In 1934 Barcroft 
(18) and others made an extensive study of fetal and maternal whole blood 
from goats. In agreement with the work of McCarthy, they found that 
the oxygen affinity of maternal blood was less than that of the embryo. 
The difference was attributed in part to a difference of pH and in part toa 


1 The term oxygen affinity used in this discussion is the reciprocal of the value of 
the oxygen pressure corresponding to 50 per cent saturation of the protein with 
oxygen. 

? This is the n which occurs in Hill’s equation describing the combination of hemo- 
globin with oxygen. The equation is y/100 = kp*/(1 + kp") where y denotes percent- 
age saturation of hemoglobin with oxygen, k and n are constants, and p is the par- 
tial pressure of oxygen. 
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real difference in the hemoglobin molecules. In the same year, Hall (19), 
using a spectroscopic method, obtained oxygen dissociation curves of 
solutions of goat hemoglobin, maternal and fetal, at a concentration one- 
one-hundredth that in blood. At pH 6.8 the oxygen affinity of fetal 
hemoglobin was seven-fourths that of maternal blood. Similar results 
were obtained with hemoglobin of incubating chicks (20), for which it was 
shown that there was a gradual decrease in oxygen affinity during develop- 
ment. In 1935 Haurowitz (10) showed that with human hemoglobin in 
dilute solution (0.15 per cent) the curve obtained for the adult lies to the 
left of that for the embryo, but that the relationship is reversed when the 
hemoglobin is present in corpuscles. In 1936 Hill and Wolvekamp (21) 
showed that the dilution of adult human hemoglobin might lead to a 2-fold 
increase in oxygen affinity, without any considerable change in the shape 
of the curve. Fetal hemoglobin was found to be much less affected by 
dilution. Similar effects were observed with other animals. This effect 
of dilution on oxygen affinity has been quite recently confirmed by Gine- 
zinsky (22). Still more recently McCarthy (23) has shown by gasometric 
measurements that the affinity of embryonic human hemoglobin in con- 
centrated solution is slightly less than that of maternal hemoglobin, but 
that when the hemoglobin is in the corpuscles the relationship is reversed. 

In view of this rather complicated picture and of the importance of the 
question of the existence of different kinds of hemoglobin, we have under- 
taken a study of the solubility of adult and embryonic cow hemoglobin. 
Solubility represents perhaps the most significant criterion of chemical 
identity, and is a property which can be studied fairly easily. The present 
paper presents results which, though somewhat incomplete, are believed 
to be decisive. 

Cow hemoglobin was employed in all the experiments. The crystalliza- 
tions of the protein and the subsequent equilibrations were all made in 
strong phosphate solutions of pH = 6.8, in the salting-out region of the 
solubility curve. Approximately 1000 cc. of blood from adults and 500 
ec. of fetal blood were used for each experiment. This was collected from 
the slaughter-house in bottles containing 4 per cent trisodium citrate in 
amounts equal to approximately 10 per cent of the volume of blood. In 
addition to citrate a very small amount of toluene was added to minimize 
bacterial growth. The blood was cooled as soon as possible after it was 
received, and the cold blood was then saturated with carbon monoxide. 
After this the cells were washed three or four times with cold 1.85 per cent 
sodium chloride, being centrifuged each time in the cold. The washed 
cells were then laked by being shaken after addition of approximately 
one-fifth of their volume of toluene and one-fifth of their volume of water. 
After the laked cells were centrifuged to remove the stroma, the subnatant 
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liquor was syphoned off and filtered in a Buchner funnel through No. 5 
filter paper covered with Celite, or sometimes simply through paper. The 
clear filtrate was then saturated with carbon monoxide and stored in the 
cold as a stock solution. 

When an aliquot of cold stock solution was added to concentrated ice- 
cold phosphate buffer, pH 6.8, the amounts being such as to give a final 
concentration of phosphate equal to about 2.15 moles per liter, an amor- 
phous precipitate resulted at once, which, on standing and being shaken, 
became crystalline. Sometimes, after the precipitate had stood overnight 
in the cold, erystals could be seen attached to the side of the flask, which 
were an appreciable fraction of a mm. in length. It was apparent that the 
amount of precipitate obtained with solutions prepared from blood of adults 
was always greater than that obtained with solutions from embryonic blood 
and that the crystals from the latter were more soluble than those from the 
adult. 

We give the following description of an orienting experiment which il- 
lustrates this. Two stock solutions of adult and embryonic hemoglobin 
were prepared by the method described above. A phosphate buffer was 
made up from K:HPO, and KH,PQ,, containing 4.346 moles per liter. 
The ratio K,HPO,: KH,PO, was 0.577:0.423 and the density at 28° was 
1.458. The calculated pH was very close to6.8. This buffer was saturated 
with carbon monoxide. To each of two 100 cc. volumetric flasks, labeled 
Flasks A and E, for adult and embryonic hemoglobin respectively, were 
added exactly 50 cc. of this buffer. The flasks were then chilled to — 4° and 
diluted to the mark with the cold stock hemoglobin solutions. An amor- 
phous precipitate at once developed, which was much greater in Flask A 
than in Flask E. Both flasks were left in the cold overnight. On the 
next morning some crystals were apparent in each flask, but the bulk of 
the material appeared to be amorphous. After the flasks were shaken and 
allowed to stand for an hour or two, the precipitate in each had become 
completely crystalline so far as could be observed. When samples from 
Flasks A and E were centrifuged for ha!f an hour at 3000 r.P.m., the crystals, 
being lighter than the mother liquor, collected at the top. The clear 
liquid underlying the crystals from the blood of the adult was colorless; 
that underlying the crystals from embryonic blood was a deep pink. After 
these liquids were syphoned off, the crystals were washed three times with 
a solvent made by diluting the stock phosphate buffer with water to twice 
its volume. The molar concentration of this solvent in total phosphate 
was 2.173 and the density 1.245 at 25°. During the second washing the 
crystals were left in contact with the solvent overnight. Throughout the 
process it was evident after each centrifugation that the clear liquid under- 
lying the crystals of embryonic carbonylhemoglobin was always much 
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darker in color than that underlying the crystals of carbonylhemoglobin 
from the adult, and that the former crystals disappeared much faster than 
the latter. At the end of the third washing the crystals of embryonic 
carbonylhemoglobin were nearly gone. 

In view of these results, further and more careful experiments were done 
in which the concentrations of the solutions were determined spectrophoto- 
metrically. For this purpose either of two instruments wasemployed. One 
of these was the spectrophotelometer made by the Central Scientific 
Company but modified by the substitution of 2 much more sensitive photo- 
electric measuring device. In the measurements made with this instru- 
ment the nominal slit width was 37 A. The other was the Beckman photo- 
electric quartz spectrophotometer. In the measurements made with this 
instrument the nominal slit width was 8 A. All the measurements were 
made at a wave-length of 5000 A and concentrations were calculated by 
taking the value of the absorption coefficient of cow carbonylhemoglobin 
as 5.50 X 10® sq. cm. per equivalent, where the weight of the equivalent 
is 16,700 (24). This means that if the depth of the absorption cell is 1 em., 
as in all our measurements, the concentration of hemoglobin in gm. per 
100 cc. may be obtained by multiplying log J,/Z by 0.303. It may be 
noted that at a wave-length of 5000 A the absorption coefficients of oxy- 
and carbonylhemoglobin are almost identical. 

The first experiment was carried out as follows: Two stock solutions, 
Solutions A and E, containing adult and fetal hemoglobin respectively, 
were prepared in the usual way except that, before filtration through Celite, 
the solutions obtained from the laked cells were dialyzed against water to 
remove traces of salt. After saturation with carbon monoxide, the con- 
centrations of hemoglobin in these two stock solutions were measured with 
the spectrophotelometer. That in Solution A was 22.0 gm. per 100 cc., 
and that in Solution E was 19.1 gm. per 100 cc. The density of Solution A 
was 1.0493, which, on the basis of a partial specific volume of hemoglobin 
of 0.749, would mean a concentration of 20.6 gm. per 100 cc. The concen- 
trations of these two stock solutions were equalized by diluting Solution A 
with water to 22.0/19.1 = 1.15 times the original volume. After this 
the concentrations of the two solutions were checked with the Beckman 
instrument and found to be, Solution A, 1705 gm. per 100 ce.; Solution E, 
17.10 gm. per 100 cc. These two figures may be taken as equal within the 
limits of experimental error. The difference between the concentrations 
of Solution E as measured with the two photometers must be ascribed to 
factors involving the instruments themselves, but it is not relevant to the 
present experiments to inquire into it further. A phosphate buffer like 
that described in the preliminary experiment was made up and saturated 
with carbon monoxide. Exactly 50 cc. of this were added to each of two 
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425 ec. centrifuge cups. These were then cooled in an ice-salt mixture and 
to one were added exactly 50 cc. of the cold stock Solution A. To the other, 
an equal amount of cold Solution E was added. The cups were then stop- 
pered, put in the ice chest, and left overnight. On the next morning they 
were placed in a rotator in a water bath at 7° and left rotating 4 days. 
At the end of this time the cups were centrifuged and the subnatant liquids 
were syphoned off and filtered in the cold. The concentrations of hemo- 
globin in the subnatant liquids were then determined with the spectro- 
photelometer and found to be as follows: Solution A, 0.228 gm. per 100 ec.; 
Solution E, 2.59 gm. per 100 cc. While these equilibrations were being 
carried out, two additional precipitations were made in which 18 ce. of 
adult or embryonic hemoglobin were added to 20 cc. of phosphate buffer 
in smaller centrifuge cups. The solutions were then equilibrated by ro- 
tating the cups in the 7° bath for 3 days, and were removed and measured 
at the same time as the solutions in the large cups. The concentrations 
of hemoglobin in this second pair of solutions were as follows: Solution A, 
0.0636 gm. per 100 ec.; Solution E, 0.616 gm. per 100 ce. 

These results reveal the considerable difference in solubility between 
adult and fetal carbonylhemoglobin. However, it should be pointed out 
that the nature of the experiment accentuates this difference; as the pro- 
tein precipitates, taking with it a certain amount of water of crystalliza- 
tion, it gives rise to an increase in the phosphate concentration in solution 
which tends to lower the solubility of the protein further. The effect is 
greater in the case of the less soluble protein. 

In a second experiment the same stock solutions, Solutions A and E, 
and the same phosphate buffer were employed to make up a set of solutions 
in test-tubes. To each tube was added a certain volume of phosphate 
buffer, a certain volume of stock hemoglobin solution, Solution A or E, 
and a certain volume of water, the water, like the phosphate buffer, having 
been saturated with carbon monoxide. The sum of the volumes of water 
and hemoglobin solution was in each case equal to the volume of the phos- 
phate buffer. These solutions were then equilibrated by rotating the 
test-tubes for several days in the bath at 7°. At the end of this time, the 
contents of all the tubes were filtered to remove crystals and the concentra- 
tions of the hemoglobin in the filtrates were measured with the Beckman 
spectrophotometer. In each case the measured concentration of hemo- 
globin was tabulated against the hypothetical concentration calculated 
from the way in which the corresponding test-tube was made up, on the 
assumption that all the protein remained in solution. In these calculations 
the concentration of hemoglobin in both stock solutions was taken as 17.07 
gm. per 100 cc., the value obtained with the Beckman instrument, since 
the concentrations of dissolved hemoglobin were measured with this in- 
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strument. No account was taken of the slight volume contraction resulting 
from mixing the liquids, since this is of the order of only 1 to 2 per cent 
and is very nearly constant for all the tubes. Its only effect would be to 
alter slightly the slope of the theoretical straight line shown in Fig. 1. 
This experiment was carried out twice, although lack of stock Solution E 
limited the number of points obtained the second time. The results are 
shown graphically in Fig. 1. 

This type of solubility experiment is different from that used by North- 
rop. So long as the solution is unsaturated, the concentration of dissolved 
protein remains equal to the calculated concentration of added protein, 
subject only to the slight effect of volume changes discussed above. As 
soon as the saturation point is reached and crystals begin to form, the vol- 
ume of the liquid phase is reduced, and, owing to the water of crystallization 
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Fic. 1. Solubility of carbonylhemoglobin from the adult cow (Curve A) and 
embryo (Curve E). The ordinates give the concentration of hemoglobin in solution 
in gm. per 100 cc.; the abscissae give the total amount of hemoglobin present in gm. 
per100cc. O, first run; A, second run. 


of the hemoglobin, the proportion of phosphate to water in this phase is 
increased. This leads to the phenomenon shown in Fig. 1, involving a 
sharp drop in the concentration of dissolved protein as more stock solution 
isadded. The effect provides a sharp “end-point” corresponding to satu- 
ration. There is also another factor in the situation to be considered. As 
more stock solution and correspondingly less water are added, the ratio 
of total water in the system to total phosphate decreases whether or not 
there is any precipitate. Thus at the point of saturation the solvent is 
more concentrated in phosphate in the case of the more soluble protein. 

This experiment makes it possible to calculate with fair accuracy the 
solubility of each of the two hemoglobins in a solvent of known ionic 
strength, different for each. It may be estimated from Fig. 1 that satura- 
tion occurs at a concentration of 4 gm. of protein in 100 cc. in the case of the 
hemoglobin of the adult and of 7.7 gm. of protein in 100 ce. in the case of 











282 SOLUBILITY OF CARBONYLHEMOGLOBIN 


embryonic hemoglobin. These concentrations would result from com- 
bining the following quantities of water, stock hemoglobin solution, and 
phosphate buffer. 


Adult Fetus 
ce. ce. 
a a. awe 23.4 45.1 
MERI a Canluvcter dae tere fie utet sock checcekees 66 ene eve 26.6 4.9 
GUNA FUREUE Sd ub vedi cbcdiseccccsbcsces 50 50 


From these figures, taking account of densities, we calculate the following 
quantities of materials to be present in the two systems. 


Adult Fetus 
NP Witaddd dices iweb VENER ck iow 4 7.7 
NS Jind bi de téhih Oils bik vind kn cath obetuisioes 85.65 83.10 
tins tee nes crane éancis terete. 0.2173 0.2173 


These figures mean that, at 7°, 4 gm. of the hemoglobin of the adult will 
dissolve in a solvent consisting of 85.65 gm. of water and 0.2173 mole of 
phosphate in which K,HPO,: KH;PO, = 577:423; and that at the same 
temperature 7.7 gm. of fetal hemoglobin will dissolve in a solvent consisting 
of 83.10 gm. of water and the same amount of phosphate. It is a simple 
matter to calculate the ionic strengths of these two solvents. All that is 
needed for this is a knowledge of the densities. These were estimated on 
the basis of density measurements on other phosphate solutions of known 
composition as 1.257 and 1.265. These two figures give for the ionic 
strengths of the two solvents the following values: carbonylhemoglobin 
solution for the adult, 4.90; for the embryo, 5.05. 

A final experiment remains to be considered. Stock Solutions A and E 
of adult and embryonic hemoglobin were prepared as already described, 
without the step involving dialysis. The same phosphate buffer was em- 
ployed as before, and this was saturated as before with carbon monoxide. 
Stock Solutions A and E were added cold to equal volumes of phosphate 
buffer. After the precipitations were complete, samples of the mother 
liquor were withdrawn and centrifuged. The densities were then measyred 
and found to be, Solution A, 1.2926; Solution E, 1.2806. A phosphate 
buffer was prepared by diluting the original buffer so that the concentration 
was 2.57 moles per liter, the ionic strength 5.54, and the density 1.2880. 
This was used as a solvent to wash the two sets of crystals. Six washings 
were carried out with this solvent over a period of 10 days at 7°. During 
each washing the crystals were equilibrated with the solvent by rotating 
the container in the constant temperature bath. At the end of each equi- 
libration the material was centrifuged, the solvent syphoned off, put aside 
for measurement, and replaced with fresh solvent. At the end of the pro- 
cess the last four washings were filtered, and, after being suitably diluted, 
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measured with the Beckman spectrophotometer. The results are given 
in Table I. 

These experiments show that embryonic cow hemoglobin is more soluble 
than adult and would seem to furnish decisive proof that the two proteins 
are distinct. It is possible to make use of the collected data to obtain 
crude salting-out curves for the two hemoglobins by plotting logis solu- 
bility against ionic strength. For this purpose we assemble the following 


Tasie I 
Hemoglobin Concentration As Measured with Beckman Spectrophotometer 




















Washing No. Adult Embryo 
| gm. per 100 cc. gm. per 100 cc. 
3 0.012 | 0.080 
4 0.006 0.062 
5 | 0.016 | 0.070 
6 0.012 0.076 
IR. chs ann ches 6cgaal’ 0.0115 0.072 
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Fic. 2. Solubility of the carbonylhemoglobin from the adult cow © and fetus A 
in relation to the ionic strength, T/2. The ordinates give the log concentration in 
gm. per 100 cc. 
data for the solubility, S, in gm. per 100 cc., of the two kinds of hemo- 
globin in relation to I’, the ionic strength of the solvent per liter: 


Adult hemoglobin, f = 4.90, S = 4.03 T = 5.54, S = 0.0115 
Fetal oe “ = 5.045,“ = 7.7; “ = 5.54, “ = 0.072 


The result of the plot is shown in Fig. 2. The curves may be inter- 
preted in terms of the equation 


Tr 
l = — 0 = 
og S=8 K’ 





* It should be mentioned that a preliminary and somewhat less reliable experiment 
on the solubility of the hemoglobin of the adult at an ionic strength of 4.68 would 
indicate a considerably lower solubility than corresponds to that in Fig. 2. 
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in which 8 and K; are constants, by assuming the following values of the con- 
stants: adult hemoglobin, 8 = 20.237, K. = 4; fetal hemoglobin, 8 = 
21.033, Ki = 4. The values of 8 would indicate that, in the range of ionic 
strengths studied, the solubility of fetal hemoglobin is about 6.3 times 
that of the adult. However, since the curves drawn in Fig. 2 are each based 
on only two points, too much weight cannot be attached to the exact values 
of the constants, although there would seem to be no question of the 
greater solubility of fetal hemoglobin. Whether or not the adult and fetal 
hemoglobin preparations both represent a single kind of molecule or a mix- 
ture of two or more different kinds is a question which cannot be settled 
on the basis of these experiments. In the latter alternative it would seem 
likely that the crystals are solid solutions. 


SUMMARY 


Solubility measurements have been made on carbonylhemoglobin of adult 
and fetal cow blood. In strong phosphate buffers, of ionic strength 4.9 to 
5.5 and pH 6.8, the hemoglobin from embryonic blood is more than 6 times 
as soluble as that from the adult. This would indicate that the two hemo- 
globins are distinct. 
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WATER-SOLUBLE VITAMINS IN SWEAT* 
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Claims have been made that significant amounts of the water-soluble 
vitamins may be lost in sweat. In view of the importance of this problem 
in tropical and desert nutrition and the conflicting reports (4, 9, 12, 20), we 
have made an extended investigation, using a variety of refined techniques 
for collecting and stabilizing sweat and for estimating vitamins. In addi- 
tion to ascorbic acid, dehydroascorbic acid, thiamine, riboflavin, and 
nicotinic acid, which have been studied by one or more other workers, we 
have estimated diphosphothiamine and the fluorescent pigments of Najjar 
and Holt and collaborators (15), F; and F,. A complete summary of the 
literature in this field will be found at the end of the present paper. 


EXPERIMENTAL 


Production of Sweat—In each experiment healthy young men living on a 
good normal diet sweated approximately 1 liter per hour while marching 
in a heated room according to a régime commonly employed in this labora- 
tory (18). Desert conditions were simulated at 43° and 30 per cent relative 
humidity, moist tropical at 35° and 85 per cent relative humidity. Eleven 
men in all stages of acclimatization (ranging from none at all to complete) 
were used as subjects. 

Collection of Sweat—Sweat was collected in two ways. First, elbow 
length rubber gloves were worn for half an hour. Second, sweat was 
scraped off the body with a glass vessel. Precautions and special points of 
technique necessary in the case of individual substances are discussed below. 


Methods and Results 


Estimations were made on fresh sweat of the following substances: ascor- 
bie acid, dehydroascorbic acid, thiamine, diphosphothiamine, riboflavin, 
nicotinic acid, F;, and F;. The results are summarized in Table I, which 
shows negligible amounts of all. No differences were detected between 
sweat from unacclimatized and acclimatized men. 


* The work presented in this paper was financed in part under a contract, recom- 
mended by the Committee on Medical Research, between the Office of Scientific 
Research and Development and the President and Fellows of Harvard College. 

Financial assistance is acknowledged from the Corn Industries Research Founda- 
tion and from the Nutrition Foundation, Inc. 
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Ascorbic and Dehydroascorbic Acids—The results for ascorbic and dehy- 
droascorbic acids in sweat are shown in Table II, which demonstrates the 


Summary of Estimations of Vitamins in Sweat 


TaBLe I 


~~ 





Concentration in sweat 





























Substance No. of samples | a 
& _ same | Range 
mg. per 100 ml. me. per 100 ml. 
Co) Pree 1 err eL eee 31 ' =—-0.00 | 0 
Dehydroascorbic acid...................65. 16 0.02 | 0-0.2 
Thiamine and diphosphothiamine........... 15 0.00 | O 
I Tie. 0 Be ane clans Chae sehebeens | 10 0.00 0 
a. oe ancien 4 ss une s sAsmehen ® 40 0.05 | 0-0.1 
Fluorescent pigments F, and F; of Najjar and 
Holt and collaborators (16)............... 5 0.00 peng 
Tasie II 
Ascorbic and Dehydroascorbic Acids in Sweat 
The results are expressed in mg. per 100 ml. 
| Ascorbic acid Dehydroascorbic acid 
Subjects a. om | , | 
; Indophenol | — Indophenol at ee 
Pe ss ca eek oe ete 2 0 | | 0.1-0.4 | 
PRUE ood db okie s'éslad <i 5 Bxacti o |; 0 05 | O 02 
ER SE Pere rr Tt 5 0 0 00.4 | O 
LS ES vc unoncn© teal 3 S.J 0 0 0 
SANT Ta aes oed ¢sq0od4e i 3 0 | 0 0 0 
UMMLESG pas bags tees vedvee’ 3 as 
PI. UCR ii vi Siew a | 
SMR screed. visi Sas fou gi hd 
PE Hs Ube thectevilebe Bit i 0 
SP eC eVin sa wetbeed seve Si 0 
BE MRE EL. Us ve bbilen Sues wale | 1 | 0 
Total of experiments 31 31 16 18 16 
EE Ooo ii 0 0 0.5 | 0.2 
OT a ee | 0 0 0 0 
a7 0 0.2 0.02 


Average 








absence of ascorbic acid and the presence of dehydroascorbic acid in small 


amounts. 


Ascorbic acid was estimated by the method of Mindlin and Butler (13) 


with use of 2,6-dichlorophenol indophenol and the Evelyn photoelectric 
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colorimeter and also by the method of Butler and Cushman (3) by means 
of the reversible decolorization of methylene blue by strong light in the 
presence of ascorbic acid. Dehydroascorbic acid was converted by the 
hydrogen sulfide reduction of Bessey (2) into ascorbic acid which was then 
estimated by one or both of the above methods. In the estimation of 
dehydroascorbic acid, the methylene blue method is better than the indo- 
phenol method, because it admits of accurate correction for the effect of 


' Tasie III 
Behavior of Ascorbic and Dehydroascorbic Acids in Sweat 
In each typical experiment ascorbic acid was added to the vehicle at 0 time. 
AA represents ascorbic acid, DAA dehydroascorbic acid. The results are given in 
mg. per cent. 




















Vehicle 
Ravers | ine. | Meare of | Water 6p [_Prabameat | SrecafOST | Bote evn 
AA DAA AA | DAA | AA DAA AA 
min. . | | | 
A 0 | 38 | 3.0 | | 3.0 | | 3.0 3.0 
eit wz | 2.2 | 2.3 
3 | 38 | 4.7 | | 0.8 
30 | 38 | 3.0 0.8 | | 3.0 0.0 
“ 0 5 | 21 | 2.1 | (2.1 2.1 
30 5 | 1.0 | | 1.1 
60 5 | 2.0 0.8 | | 2.1 0.7 
120 5 | 2.0 0.8 | | 0.3 
B or ST Sit © ares hl ee 
1 39 0.8 | 0.8 | 
10 | 39 10.8 | 0.7 | 
20 | 39 | 0.1 | 0.7 | 
30 | 39 | 3.0] 0 | 0.0) 06 | 31} 0 
45 | 30 | (0.0 | 0.4 | 
6 | 39 | 31/| 0° | 0.0 | 0.2 | 3.1] 0 

















* Experiment A illustrates the effects of temperature, stabilizers, and boiling of 
sweat on the destruction of added ascorbic acid. Experiment B illustrates the rela- 
tion between ascorbic and dehydroascorbic acids after addition of ascorbic acid. 


traces of hydrogen sulfide. For this reason we consider the methylene blue 
values the more representative of the true dehydroascorbic acid content of 
sweat. 

The detection of ascorbic acid in sweat presents difficulties because of its 
rapid destruction. These difficulties are illustrated in Table III. Six 
points should be noted. First, ascorbic acid added to sweat disappears 
rapidly and at different rates in different samples. Second, if ascorbic acid 
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is added after sweat has been boiled for 5 minutes and then cooled to 38° 
or to 5°, the rate of destruction is greater than in fresh sweat at the same 
temperatures. Hence, enzymatic action is excluded. It is possible either 
that the ions of heavy metals are set free by boiling and are the destructive 
agents, or that traces of protein which delay the breakdown of ascorbic acid 
in fresh sweat are denatured by boiling. Third, cooling retards but does 
not entirely prevent the destruction of ascorbic acid. Fourth, addition of 
metaphosphoric acid to sweat stabilizes added ascorbic acid completely 
for at least an hour, even at 40°. Fifth, destruction of added ascorbic acid 
is accompanied by production of dehydroascorbic acid, but the sum of these 
two acids never equals the initial content of ascorbic acid. Sixth, destrue- 
tion of dehydroascorbic acid proceeds at a relatively slow rate even in fresh 
sweat. 

The above demonstration of the extremely rapid destruction of ascorbie 
acid in sweat at body temperature, with the simultaneous production of 
dehydroascorbie acid, was corroborated by pouring solutions of ascorbic 
acid down the arms of sweating subjects. In a typical experiment, an 
aqueous solution containing a known concentration of ascorbic acid was 
divided into three portions of 50 ml. each. One portion was stabilized at 
once with 50 ml. of 6 per cent metaphosphoric acid and was stored on ice. 
Another portion was kept in the hot room and was added to 50 ml. of 6 per 
cent metaphosphoric acid at a rate approximating that at which the third 
portion was poured slowly and continuously down the arm of a sweating 
man, draining into 50 ml. of 6 per cent metaphosphoric acid. The rate of 
pouring was 10 ml. per minute. The arm was washed twice at the end with 
distilled water. Ascorbic and dehydroascorbic acids were then estimated 
in the iced control, in the het room control, and in the solution that had been 
poured down the arm. When an absolute amount of 0.90 mg. of ascorbic 
acid was poured down the arm, 0.67 mg. was recovered as ascorbic acid and 
0.23 mg. as dehydroascorbic acid. When an absolute amount of 0.22 mg. of 
ascorbic acid was used, 0.04 mg. was recovered as ascorbic acid and 0.12 mg. 
as dehydroascorbic acid. Three conclusions may be drawn from this type 
of experiment. First, ascorbic acid breaks down rapidly on the surface of 
a sweating arm, with concomitant production of dehydroascorbic acid. 
Second, the lower the concentration of added ascorbic acid, the more com- 
plete is the destruction of ascorbic acid. Third, even with low initial 
concentrations of ascorbic acid, the terminal value of dehydroascorbic acid 
is a reasonably satisfactory measure of the initial ascorbic acid. 

In view of the instability of ascorbic acid added to sweat and because of 
the demonstrated stabilizing effect of metaphosphoric acid, certain precau- 
tions were taken in the collection of sweat. When gloves were used, 6 per 
cent metaphosphoric acid was placed in them before collection started. 
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When a glass vessel was used for scraping the body, the sweat was trans- 
ferred as rapidly as possible to a cold brown bottle containing 6 per cent 
metaphosphoric acid. In control experiments both procedures allowed 
satisfactory recovery of ascorbic acid added in known amounts either to the 
glove or to the scraping vessel. 

As Table II shows, no ascorbic acid was detected in thirty-one different 
samples of sweat, even when all precautions were observed. Under the 
same conditions dehydroascorbic acid was sometimes detected in small 
amounts. If significant amounts of ascorbic acid are lost in sweat, the 
vitamin must be destroyed before reaching the surface. Under these con- 
ditions we would expect relatively large amounts of dehydroascorbic acid 
to appear in the sweat, as is demonstrated in the experiments described 
above. However, only small amounts of dehydroascorbic acid actually do 
appear in sweat. Therefore, we conclude, first, that insignificant amounts 
of ascorbic acid are destroyed in the sweat ducts, and second, that even in 
a hard day’s work, involving the loss of 10 or more liters of sweat, there is 
no significant loss of vitamin C by this route. 

Thiamine and Diphosphothiamine—Thiamine was estimated by the 
method of Egafia and Meiklejohn (6), diphosphothiamine by an unpublished 
fluorometric method of Egafia and Robinson. Sweat was collected by all of 
the methods described above. In control experiments when thiamine was 
added to sweat in amounts approximating 10 y per 100 ml., recovery was 
quantitative under the following conditions: (1) when added to sweat at 
body temperature, (2) when added to sweat containing 6 per cent of meta- 
phosphoric acid, (3) when added to a glove worn for } hour by a sweating 
man, and (4) when poured over the arm of a sweating man. It is clear, 
therefore, that thiamine, in contrast to ascorbic acid, is destroyed very 
slowly when added to sweat. Hence, the estimation of thiamine in sweat 
presents few difficulties. 

Of fifteen samples of fresh sweat, ten assayed zero and in the rest neither 
thiamine nor diphosphothiamine was present in amounts exceeding the 
limits of sensitivity of the method, which is about 0.5 y per 100 ml. 

Riboflavin—Riboflavin was estimated by the method of Najjar (14). 
Sweat was collected by all of the methods described above with the follow- 
ing additional precautions against light: the heated room was lighted only 
by a 60 watt, orange, photographic dark room lantern and all vessels were 
of amber glass. In control experiments when riboflavin was added to sweat 
in amounts approximating 10 y per 100 ml., recovery was 100 per cent in the 
incubation, glove, and arm experiments. In none of ten samples of sweat 
could any riboflavin be detected. 

Nicotinic Acid—Nicotinic acid was estimated by the methods of Harris 
and Raymond (8) and of Kodicek (11). In our hands, nicotinamide could 
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be recovered quantitatively when added to water, but when added to sweat 
yields were erratic. It appeared that some interfering substances, varying 
in amount from sample to sample, rendered the assays somewhat unreliable, 
When sweat was concentrated in vacuo (see below) recoveries were more 
satisfactory, for unexplained reasons. 

In forty fresh samples of sweat an apparent value of between 0.0 and 0.1 
mg. of nicotinic acid per 100 ml. was detected, the average being 0.05. 

Fluorescent Pigments of Najjar and Holt, F,and F,. These pigments were 
estimated by the method of Najjar and Wood (16) with one modification. 
Adsorption was effected by shaking in a glass-stoppered mixing cylinder 
with 5 gm. of activated permutit instead of passing the sweat through an 
adsorption column. In none of the samples did any F; or F: appear. ’ 

Concentrated Sweat—Because analyses of fresh sweat indicated negligible 
quantities of vitamins, sweat was concentrated in an attempt to obtain a 
definitive estimate of the actual content of riboflavin, thiamine, and nico- 


Tasie IV 
Stability of Vitamins Added to Sweat during Concentration by Vacuum Distillation 





Recovery of added vitamins, per cent of initial value 


} 








Portion 
Thiamine Riboflavin | Nicotinamide 
| 
Fresh, unconcentrated............. 100 100 100 
Unconcentrated, heated 5 hrs. at | 
ee ah eae eas 6 cab a 100 90 100 
Concentrated in vacuo............. 80 75 110 





tinic acid. Fresh sweat was acidified with glacial acetic acid to 3 per cent. 
Vacuum distillation in the dark at 15 mm. of Hg and 40° concentrated this 
sweat 20 to 40 times in 5 hours. In order to determine the stability of the 
vitamins under these conditions, known amounts of thiamine, riboflavin, 
and nicotinamide were mixed with acidified fresh sweat, and the mixture 
was divided into three portions. One portion was analyzed at once. A 
second was heated at 40° in the dark for 5 hours. The third was concen- 
trated 20 to 40 times, as described above. Table IV demonstrates that loss 
of thiamine and riboflavin was about 20 per cent, but nicotinamide was 
completely stable. Therefore, analysis of concentrated sweat should reveal 
essentially the true content of these vitamins. Analyses of five such 
samples gave the following average results: thiamine 0, riboflavin. 0, and 
nicotinic acid 0.08 mg. per 100 ml., calculated in terms of fresh unconcen- 
trated sweat. 

Animal Assay for Thiamine in Concentrated Sweat—6 liters of fresh sweat 
were concentrated as described above and frozen at —6.6°. Dr. F. J. Stare 
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of the Department of Medical Nutrition, Harvard Medical School, kindly 
assayed this concentrate by its effect on the survival of rats deficient in 
thiamine. He reported that with two levels of intake there was no thiamine 
detectable by this method. On the average death was earlier among the 
rats receiving the higher dosage of sweat. 


DISCUSSION 


Consideration of all of the results reported since 1936 is assisted by refer- 
ence to Table V, which shows how extremely various the estimates have 
been. In general, the early reports give higher values than the later, and 
three of the four most recent papers report negligible amounts of all the 
vitamins assayed. Some of the high results can probably be attributed to 
one or both of two factors: first, the analytical methods were not specific for 
the substances to be estimated; second, the sweat was not collected by tech- 
niques that insured against contamination. 

Studies on sweat have an important bearing on nutritional requirements 
in hot climates in that they can elucidate one of the possible routes of vita- 
min depletion. The general conclusion to be drawn from the work of 
investigators who have used specific analytical methods as well as unexcep- 
tionable technique in collecting sweat is that loss in the sweat is not a sig- 
nificant factor in depleting the body’s stores of water-soluble vitamins. 
Even under severe conditions that necessitate a daily loss of 10 to 15 liters 
of sweat, excretion of vitamins is considerably greater in the urine than in 
the sweat. Few observers have been seriously concerned over urinary loss 
as a cause of vitamin depletion, and we consider that they should be even 
less exercised over losses in the sweat. 


SUMMARY 


1. Water-soluble vitamins in sweat have been investigated by a variety 
of analytical methods and with a variety of methods for collecting and 
handiing sweat. 

2. The following substances could not be detected by chemical method 
in any sample of fresh sweat: free ascorbic acid, thiamine, diphosphothia- 
mine, riboflavin, and the fluorescent pigments F; and F; of Najjar and Holt. 

3. Dehydroascorbic acid appeared in half of sixteen samples in amounts 
not exceeding 0.2 mg. per 100 ml. 

4. Nicotinic acid, as estimated by the method in which cyanogen bromide 
and an aromatic amine are employed, appeared in a majority of forty 
samples in a concentration not exceeding 0.1 mg. per 100 ml. 

5. Rat assay failed to show thiamine in samples of sweat concentrated 
in vacuo by a method proved to stabilize the vitamin reasonably well. 

6. From a review of the work of those investigators who have employed 











The results are expressed in mg. or in micrograms per 100 ml. 
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the most specific methods as well as an acceptable technique in collecting 
and handling sweat, it is concluded that loss in the sweat is not a significant 
factor in depleting the body’s stores of water-soluble vitamins. Even 
under severe conditions, loss in the sweat is much less than excretion in the 
urine. 


We are indebted to the First Service Command and the Quartermaster 
Corps, United States Army, for placing on detached duty in this laboratory 
Corporal M. Castiglione, Corporal J. Poulin, Private first class A. Razoyk, 
and Private first class J. Stachelek. These men acted as subjects and as 
skilled technicians in the present study. 

Merck and Company, Inc., kindly provided us with riboflavin. 
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Fructose does not maintain the electrical activity of the cerebral cortex 
in the hepatectomized animal (1). However, whole brain (2) and cortex 
(3) oxidize fructose in vitro. These facts may be explained by assuming 
that the brain cells are impermeable to fructose in vivo, or that the oxida- 
tion of fructose is not concerned in the maintenance of cortical activity. 
The latter supposition makes it necessary to assume that the metabolism 
of fructose by brain differs from the metabolism of glucose, since glucose 
does support cortical activity in the hepatectomized animal (1). 

In the present work the oxidation of fructose by brain preparations was 
studied in vitro. The data obtained indicate that the oxidation of fructose 
by brain in vitro follows the same pattern as the oxidation of glucose. Thus, 
the data support the hypothesis that brain cells are impermeable to fructose 
in vivo. 


Materials and Methods 


The brain was prepared as follows: A cat was killed by a blow on the 
head and decapitation. The brain was removed, homogenized with 30 
ml. of 0.04 m potassium phosphate, pH 8.0, containing 0.02 m magnesium 
chloride, and then squeezed through muslin. The pH of the mixture was 
about 7.0. 1 ml. aliquots of this preparation were mixed with 0.8 ml. 
of a solution containing the following substances in the concentrations indi- 
cated: 0.2 m nicotinamide, 0.004 m fumarate, 0.003 m adenosine-5-triphos- 
phate or adenosine-5-phosphate, 0.09 m fluoride, 0.003 m diphosphopyridine 
nucleotide, 0.002 m thiamine pyrophosphate, and 0.05 m potassium phos- 
phate, pH 8.0. The pH of the final mixture was about 7.2. The mixtures 
were incubated at 37° in air until the oxygen uptake had decreased to about 
1 micromole per 10 minutes. Then 0.2 ml. of water or substrate solution 
was added to each mixture, and the incubation continued in air or nitrogen. 
For experiments involving anaerobic production of lactate alone the homo- 
genate was diluted five times with the phosphate-magnesium mixture, and 
then treated as indicated above, except with omission of fluoride and the 
preliminary incubation in air. 

The oxygen uptake and carbon dioxide production were followed mano- 
metrically. After these measurements the mixtures were treated with 1 ml. 
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of 2 n trichloroacetic acid and 7 ml. of water, and then filtered. The filtrates 
were analyzed for lactate (4) substances binding bisulfite, 7.e. carbonyl] 
groups (5), inorganic phosphate (6) before and after hydrolysis in w acid 
at 100° for 10 and 180 minutes, inorganic phosphate formed by treatment 
with n alkali at room temperature for 20 minutes (7), and for total phos- 
phate. Suitable controls were analyzed similarly. 

The rate of formation of inorganic phosphate by acid hydrolysis furnishes 
presumptive identification of organic phosphates. The rates of hydrolysis 
of a number of organic phosphates and the inferences deducible from the 
rates have been summarized (8). In the present study hydrolysis during 
10 to 180 minutes of a considerable portion of the organic phosphate ob- 
tained in a given experiment has been considered indicative of the presence 
of hexose phosphate and resistance to hydrolysis during 180 minutes in- 
dicative of phosphoglycerate. 

Further identification of organic phosphate was made in some experi- 
ments as follows: 10-fold quantities of brain preparation and other material 
were treated as indicated above except that the gas exchange was not meas- 
ured and the proteins were precipitated with 1 ml. of 10 N trichloroacetic 
acid. A suitable aliquot of filtrate was analyzed for organic phosphate. 
After the addition of 0.1 volume each of ethyl alcohol and m barium acetate 
the remainder of the filtrate was made alkaline to phenolphthalein with 
solid barium hydroxide. Themixture wascentrifuged. The precipitate was 
suspended in 2 ml. of water and acidified to Congo red paper with 10 n 
hydrochloric acid. The mixture was again made alkaline with barium 
hydroxide. The precipitate was collected by centrifugation, washed thrice 
with 1 ml. portions of 0.1 m barium acetate, and then dissolved in dilute 
acid. The solution was assayed for fructose (9, 10), the amount and rate 
of hydrolysis of the organic phosphate, and for substances reducing Bene- 
dict’s qualitative alkaline copper reagent. With this procedure about 80 
per cent of the organic phosphate formed in a given experiment could be 
isolated as a barium salt. 


Results 


The aerobic oxidation of fructose by the brain preparation is illustrated 
by the data in Table I, Experiment 1, A. In this experiment oxygen and 
inorganic phosphate disappeared. The disappearance of inorganic phos- 
phate signifies the formation of organic phosphate. The resistance to acid 
hydrolysis of the major fraction of the organic phosphate suggests that the 
product formed was phosphoglycerate. In a large scale experiment the 
organic phosphate isolated as the barium salt was not appreciably hydro- 
lyzed by hot n acid in 180 minutes, did not contain fructose, and did not 
reduce the alkaline copper reagent. This likewise suggests that the product 
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of oxidation of fructose under the conditions employed was phospho- 
glycerate. 

Lactate was formed in the experiment given in Table I, but not in all 
such experiments. Incomplete inhibition of phosphoglycerate breakdown 
by fluoride might lead to the production of pyruvate, which might account 
for formation of lactate by the reaction indicated in Equation 3. The 
carbonyl compounds in the control at the beginning and the end of the 


Tasie I 
Oxidation and Phosphorylation of Fructose by Cai Brain in Vitro 

The preparations of brain used are described in the text. Fluoride was present in 
Experiments 1 and 2, but not in Experiment 3. The periods of incubation after addi- 
tion of substrates were 30, 45, and 60 minutes for Experiments 1, 2, and 3, respec- 
tively. The data given are the differences between theobserved and appropriate 
control values. The minus sign indicates disappearance of the substance in ques- 
tion; the plus sign indicates gormation. 

The results are expressed in micromoles. 
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18.5 
2, B| Fructose, 40 0.0} 0.0} —1.1) +0.5) 0.0) 0.0) 0.0) 0.0 
2, C} Pyruvate,18.5 | 0.0) 0.0) 0.0) 0.0) 0.0) 0.0) +2.4)/—3.7 
3 Fructose, 40 0.0} 0.0) —8.0) +5.5) +1.5) 0.0/+10.0) 0.0 














experiment were not present in sufficient amount to account for the forma- 
tion of lactate. e 
An equation that may account in part for the results is 


Fructose + 2 phosphate + O, = 2 phosphoglycerate + 2H,O (1) 


This reaction implies the direct oxidation of triose phosphate which has 
been demonstrated with brain preparations (11, 12). The formation of 
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triose phosphate in the present experiment is indicated by the production 
of carbonyl compounds and organic phosphate hydrolyzed by alkali (7), 
Phosphorylation coupled with oxidation of triose phosphate has been ob- 
served in other tissues (13, 14). In brain (15) and other tissue (7) triose 
phosphate is formed from fructose diphosphate. Therefore, the formation 
of triose phosphate in the present experiment presumably was preceded by 
phosphorylation of fructose. Phosphorylation of fructose by liver and 
kidney has been demonstrated (16). 

The amount of inorganic phosphate that disappeared, 19.7 micromoles, 
corrected for phosphorylation attributable to lactate production, 44 
micromoles, and for organic phosphate hydrolyzed by acid during 0 to 180 
minutes, 2.4 micromoles, was 13.9 micromoles. According to Equation 1, 
the oxygen uptake accounts for the disappearance of 5 micromoles of in- 
organic phosphate. Experiments with glucose indicated a similar dis- 
crepancy between the phosphorylation predicted from the oxygen uptake 
and the observed disappearance of inorganic phosphate. This discrep- 
ancy suggests the existence of additional unknown reactions. 

Experiment 1, C, illustrates the effect of pyruvate on the aerobic oxida- 
tion of fructose. In this experiment inorganic phosphate, oxygen, and 
carbonyl compounds disappeared, and organic phosphate and carbon di- 
oxide were formed. The rate of acid hydrolysis of the organic phosphate 
suggests that it was hexose phosphate. In a large scale experiment the 
organic phosphate isolated as the barium salt contained fructose and phos- 
phate in the ratio of about 2 and reduced the alkaline copper reagent. 
This suggests that a considerable portion of the organic phosphate formed 
during the oxidation of the mixture of pyruvate and fructose was fructose 
diphosphate. 

The results may be attributed in part to the reaction described by the 
equation 


n-Fructose + 2 n-phosphate + pyruvate + 2.50, = n-fructose diphosphate 
+ 3CO, + 2H,0 (2) 


The extent to which the phosphorylation observed in the present experi- 
ment can be attributed to the oxidation of pyruvate is uncertain. The 
maximum correction of the phosphorylation observed in the presence of 
pyruvate plus fructose is probably represented by the sum of the disap- 
pearance of inorganic phosphate in the presence of fructose and pyruvate 
alone, 21.8 micromoles. The corrected phosphorylation is 21.0 micromoles, 
giving a minimum ratio of moles of inorganic phosphate esterified to moles 
of oxygen consumed of 3.8. The ratio obtained with brain preparations 
with glucose as substrate was 4.0 (17). Experiments with preparations of 
cat heart indicate that the maximum ratio is probably 6 (18). 
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The anaerobic oxidation of fructose in the presence of pyruvate is il- 
lustrated by Experiment 2, A. Inorganic phosphate and pyruvate disap- 
peared; lactate and organic phosphate were formed. The resistance of the 
organic phosphate to acid hydrolysis and the properties of the organic 
phosphate isolated in the large scale experiment suggest that the product 
of the oxidation of fructose was phosphoglycerate. An equation that 
accounts for the results is 


Fructose + 2 phosphate + 2 pyruvate = 2 phosphoglycerate + 2 lactate (3) 


This reaction, which has been demonstrated with brain preparations with 
glucose as substrate, involves dismutation between triose phosphate and 
pyruvate (15). 

Anerobically in the absence of fluoride, fructose was converted to lactate. 
This is demonstrated by the data given in Experiment 3. The data are in 
agreement with the equation 


2 fructose + 2 phosphate = 2 lactate + fructose diphospiate (4) 


The properties of the organic phosphate isolated in the large scale experi- 
ment were compatible with the assumption that the organic phosphate 
formed in Experiment 3 was mainly fructose diphosphate. With glucose 
as substrate, this reaction has been demonstrated with brain prepara- 
tions (15). 

With relatively concentrated preparations of brain little or no lactate 
was formed from glucose (15, 19) or fructose. It seemed possible that this 
may have been due to inactivation of the necessary diphosphopyridine 
nucleotide, which is effected by brain and which is prevented by nico- 
tinamide (20, 21). However, the amide did not permit lactate formation 
from glucose or fructose by relatively concentrated preparations. It ap- 
pears, therefore, that the failure of such preparations to produce lactate 
is not due to inactivation of the nucleotide. Previous attempts to demon- 
strate lactate formation from fructose in brain (3) probably did not suc- 
ceed owing to the use of concentrated preparations. 


SUMMARY 


The oxidation of fructose by brain in vitro is accompanied by phosphory- 
lation. The reactions that account in part for the oxidation of glucose 
and fructose are the same. 


The laboratory is indebted to Merck and Company, Inc., for the thiamine 
pyrophosphate used in these experiments. 
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Pittsburgh and the Children’s Hospital, Pittsburgh) 
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Differences between the hemoglobin of the new born child and that of 
the adult have been recognized for some time. Following the observations 
of von Kriiger (1, 2) that hemoglobin from different species is characterized 
by differences in rate of denaturation by alkali, Brinkman (3, 4), Hauro- 
witz (5), and others (6, 7) have differentiated more than one hemoglobin 
in human blood by this means. At least two widely divergent types, a 
fetal and an adult type, and possibly others are present. The fetal, alkali- 
resistant type present at birth is gradually replaced during the first 7 
months of life by an alkali-labile form. Preliminary studies by us have 
confirmed these observations. After 3 years of age, a small variable amount 
of alkali-resistant hemoglobin may recur. The latter has not been shown 
to be identical with the fetal type (3). Other differences in the properties 
of hemoglobin from individuals of different ages tend to substantiate the 
view that there is more than one hemoglobin. They differ in their affinity 
for oxygen and carbon dioxide (8-10), in crystalline form (11, 12), in amino 
acid content (13, 14), and in immunological specificity (15). According 
to Jungbloed (16) they cannot, however, be distinguished spectrophoto- 
metrically. There appears to be a general agreement with Haurowitz 
(17) that the prosthetic moiety of the adult and fetal hemoglobin is identical 
and that the difference is in the protein fraction. 

It was thought that the hemoglobins might be differentiated by electro- 
phoretic mobilities and by their sedimentation constants, if the variation 
exists in the protein portion of the molecule. The electrophoretic mobilities 
and sedimentation constants of fetal and adult carbonylhemoglobin here 
reported show marked differences and demonstrate that two molecular 
species may be separated from fetal and adult blood. 


EXPERIMENTAL 


Our first studies of the mobility of hemoglobin were carried out on oxy- 
hemoglobin which was later replaced by carbonylhemoglobin because of its 
greater stability. 

* Present address, University Hospital, University of Maryland, Baltimore. 
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Citrated whole blood was saturated with carbon monoxide and centri- 
fuged. The red cells were washed three times with 0.9 per cent sodium 
chloride saturated with carbon monoxide. Approximately 1.1 cc. of the 
packed cells were transferred to a 50 cc. centrifuge tube and 35 cc. of water 
and 10 ec. of toluene were added. After being refrigerated for several 
hours the tube was centrifuged and the clear carbonylhemoglobin solution 
filtered into a 100 ce. flask; 11.5 ec. of 0.2 m secondary sodium phosphate 
and 5.7 ec. of 0.2 M primary sodium phosphate were added and the hemo- 
globin solution was made up to 100 cc. with water. The concentration 
was determined electrophotometrically and adjusted to 0.5 per cent by 
the addition of a phosphate buffer consisting of 115.7 ec. of 0.2 m secondary 
sodium phosphate and 57.8 cc. of 0.2 m primary sodium phosphate per 
liter and saturated with carbon monoxide. This buffer, pH 7.1, was also 
used for the subsequent dialysis of the hemoglobin and in the Tiselius cell 
(18). The hemoglobin solution was dialyzed for 72 hours, after which 
time the conductivity of the buffer and that of the hemoglobin solution 
remained constant. Conductivity was measured at 4° by means of an 
audio frequency, alternating current bridge and an oscillator. A Longs- 
worth-Klett modification of the Tiselius apparatus was used. Pictures 
were taken initially and at suitable intervals by the schlieren method, by 
the Longsworth scanning technique (19), or both, with a General Electric 
projector flood light as the light source and a red gelatin tricolor filter. 
Mobilities were calculated on the basis of the distance moved by the bi- 
secting ordinate of the concentration gradient curve at 4°, pH 7.1, under 
the influence of a current of 0.020 ampere. 

Values for mobility, u, were calculated from the distance moved, d, the 
conductivity, C, the current, 7, cross-section of the cell, A, and the time in 
seconds, t, by the following formula, u = CAd/it. Carbonylhemoglobin 
for the determination of sedimentation constants was prepared according 
to the procedure of Steinhardt (20). The sedimentation constants were 
calculated by the Svedberg absorption technique (21) from data obtained 
by a McBain type ultracentrifuge (22). The 37 mm. rotor used in this 
work is similar to all of the McBain rotors except that it is lower and more 
streamlined (23). The insert has the appearance of a heavy washer with 
sixteen radial holes drilled in it to hold small capillary tubes filled with the 
hemoglobin solution. The procedure is simply to put the filled and sealed 
capillary tubes into the rotor and, when a measurement is desired, to stop 
the rotor, remove the tube, photograph it, and replace in the rotor. This 
complete process is rapid with the McBain instrument, full speed being 
regained in about 2 minutes. 
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DISCUSSION 


The results obtained on eleven specimens of carbonylhemoglobin have 
been summarized in Table I and Figs. 1 to3. There is a significant difference 
in the mobilities and in the sedimentation constants of adult and fetal 


TaBLe I 
Electrophoretic Mobilities and Sedimentation Constants of Fetal and Adult 
Carbonylhemoglobin 


- Potential gra- 
HbCO: pit 71 dient 10 volts 


per sq. cm. Sedimentation 
Source of hemoglobin Mobility 7:  paresei 
Mobility bi x< 10 ? > « 10-18 
Slower compo- | Faster compo- | 
nent nent 
Adult (2 samples) * —0.7 (—1.0) 4.73 
5 day infant. . —1.2 2.5° 
9 * a (—0.7) —1.2 2.98 
90 OTT ee , (—0.7) —1.3 
Umbilical cord blood (2 samples) (—0.8) —1.3 
Mixture, umbilical cord ayd adult blood. (—0.7) «33 


The values in parentheses were for small components. 
* Three additional measurements of mobility were made on oxyhemoglobin with 


the same results. 








Fic. 1. Longsworth electrophoretic pattern, descending, of HbCO, derived from 
cord blood. The principal component, fetal hemoglobin, HbCO,, is shown with the 
smaller component, adult hemoglobin, HbCOg, on the left appearing in 2 hours. The 
three peaks from left to right occur at 0, 2, and 4 hours. 





hemoglobin. The blood from the umbilical cord and from 5, 9, and 90 
day-old infants contains two hemoglobins, a large fraction with a char- 
acteristic electrophoretic mobility of fetal hemoglobin and a small fraction 
with the mobility of the hemoglobin obtained from adult blood. This 
finding agrees with the conclusions of Brinkman (4) and Haurowitz (5) 
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that the blood of a new born infant contains a small amount of adult 
hemoglobin. In one adult blood, a small fraction was noted, the mobility 
of which approximated that of the fetal type. The fraction was small 
and difficulty in measuring made the absolute mobility somewhat in 
doubt. 

Marked differences in the sedimentation constants of the hemoglobin 
in the blood of two infants and one adult are evident. A measurement of 
molecular weight was not obtained, since diffusion constants were not 











Fic. 2. Longsworth electrophoretic pattern, descending, of HbCO, derived from 
adult blood. The principal component, HbCO,, and the small component on the 
right, HbCO,;, appearing in 2 hours are shown. The three peaks from left to right 
occur at 0, 2, and 4 hours. 











Fic. 3. Longsworth electrophoretic pattern, descending, of equimolar mixtures of 
HbCO, and HbCO;. The three peaks from left to right occur at 0, 2, and 3 hours. 
The small peak appearing on the right of the principal peak at 3 hours is the separ- 
ating HbCO,; component. 


determined. If one assumes the same diffusion constant, the molecular 
size of adult hemoglobin would be about twice that of the fetal hemoglobin. 

These data substantiate the view that there are two molecular species 
of hemoglobin, fetal and adult, which differ in the protein portion of the 
molecule. 

Nothing is known of the mechanism underlying the gradual appearance 
of an adult hemoglobin component during early life with the concomitant 
disappearance of the fetal fraction. The progressive decrease in hemo- 
globin values of blood which occurs during this same period may possibly 
be related to this change in mechanism. 
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SUMMARY 


Electrophoretic mobilities and sedimentation constants of adult and 
fetal carbonylhemoglobins have been determined. From these data, it is 
concluded that adult and fetal hemoglobins consist of at least two molecular 
species, the relative proportions of which differ markedly in adult and fetal 


hemoglobin. 
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A COLORIMETRIC DETERMINATION OF NICOTINIC ACID* 


By ARTHUR E. TEERI ann STANLEY R. SHIMER 


(From the Chemical Laboratory of the Agricultural Experiment Station, University of 
New Hampshire, Durham) 


(Received for publication, January 27, 1944) 


Most chemical methods for the determination of nicotinic acid involve 
reaction with cyanogen bromide and a primary or secondary aromatic 
amine. Several different amines have been proposed, such as aniline (1), 
s-naphthylamine (2), p-methylaminophenol sulfate (3), p-aminoaceto- 
phenone (4), p-aminophenol (5), p-aminophenylsulfonamide (6), and ortho- 
form (methyl m-amino-p-hydroxybenzoate) (7). Such diversity is not 
without reason, since development of maximum color is dependent on the 
presence of the amine group. The difficulties most frequently met in the 
various methods are the necessity of waiting a certain length of time for 
development of the color, instability of the color, low color intensity, and 
failure adequately to account for the blank when turbid or colored extracts 
are being analyzed. 

The difficulties mentioned above have been eliminated in the following 
method with m-phenylenediamine and hydrochloric acid. 


EXPERIMENTAL 


Acidification with hydrochloric acid stabilizes the maximum color de- 
veloped by the reaction of nicotinic acid with cyanogen bromide and m- 
phenylenediamine. Color development is immediate and the intensity is 
greater than that obtained with many other amines. 

Reagents— 

1. A5 per cent aqueous solution of m-phenylenediamine dihydrochloride, 
prepared freshly each week. 

2. A 4 per cent aqueous solution of cyanogen bromide. 

3. Buffer solution adjusted to pH 6.6 (7). 

4. 20 per cent hydrochloric acid. 

5. Standard nicotinic acid solution containing 1.0 mg. per ml. When 
determinations are to be made, this solution is diluted so that each ml. 
contains 10 y of nicotinic acid. 


Procedure 


To 10 ml. of a solution containing between 0 and 60 y of nicotinic acid 
are added 5 ml. of the buffer solution and 5 ml. of the cyanogen bromide 


* Published with the permission of the Director as Scientific Contribution No. 92 
of the New Hampshire Agricultural Experiment Station. 
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solution. After the mixture is allowed to stand at room temperature for 
20 minutes, 1 ml. of the m-phenylenediamine solution is added, followed 
immediately by 1 ml. of 20 per cent hydrochloric acid. Readings are made 
in a photoelectric colorimeter (Klett-Summerson) at 400 my (Filter 40), 
The readings may be made immediately or at any time during the following 
15 minutes. In the preparation of a standard curve, the solution containing 


TaBLe I 
Determinations with Pure Nicotinic Acid Solutions 











Nicotinic acid | Density scale reading K (a) 
(a) (d) * (6) 
7 | 
0 0 
5 11 0.455 
10 22 0.455 
20 44 0.455 
40 SS 0.455 
60 132 0.455 
TaB.e II 


Effect of Acid on Stability of Color 
The values are the actual readings on solutions containing 50 y of nicotinic acid 
from the optical density scale of the colorimeter (distilled water, 0). 











‘ae No acid 1.0 ml. 10 rcent 1.0 ml. iy cent 1.0 ml. cone 
min. 
0.5 163 | 158 | 160 | 1m 
l 160 158 160 126 
4 144 150 160 136 
8 142 150 160 140 
12 128 145 160 140 
16 124 135 160 | 140 
20 120 127 160 140 
24 116 125 156 | 140 
28 112 123 150 138 
39 108 118 144 132 





no nicotinic acid is used to set the zero point of the instrument, thus making 
scale readings directly proportional to the concentration of nicotinic acid, 
as shown in Table I. XK, the factor for converting optical density to con- 
centration of nicotinic acid, should be determined each time analyses 
are carried out. 

Effect of HCl—Preliminary determinations with m-phenylenediamine 
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showed that maximum color develops within about 5 seconds at a pH be- 
tween 6 and 7, but that it immediately begins to fade. However, stabiliza- 
tion of the color is effected for at least 15 minutes by acidification with 20 
per cent hydrochloric acid. In Table II,the effects on the stability of add- 
ing various concentrations of acid are shown. All samples contained 50 
of nicotinic acid. The data are actual readings from the optical density 
scale of the colorimeter (distilled water, zero). Since addition of 1 ml. of 
20 per cent hydrochloric acid brings about stability of the color at a high 
intensity, this concentration has been chosen for the analytical procedure. 
The acid must be added immediately after the amine. Addition either 
before or with the amine (solution of the amine in 20 per cent hydrochloric 
acid) will result in a stable color but at a much reduced intensity. 

Similar determinations were carried out with aniline and with orthoform 
substituted for m-phenylenediamine. With each of these amines maximum 
color development requires from 3 to 5 minutes and fading is rapid. An 
attempt to reproduce the stability which has been reported for the ortho- 
form method (7) did not meet with success. Addition of hydrochloric acid 
resulted in total loss of color when orthoform was used, but produced color 
stability when aniline was the amine employed. However, the intensity 
of the color developed with aniline is only about half that produced with 
m-phenylenediamine, and so the latter is to be preferred. The larger 
number of amine groups present may account for this increased color in- 
tensity. Such reasoning is in keeping with the statement by Kénig (8) 
that by increasing the concentration of the amine an increasing number of 
groups are forced into combination. 

Blank—In the analysis of biological materials, foods, and pharmaceuticals, 
it is often difficult to obtain a solution completely free from color or tur- 
bidity. Hence, correct allowance for such factors is essential. The use 
of an extrapolation method produces false values according to Dann and 
Handler (9), and so a true blank determination should be made. However, 
the usual type of blank is not sufficient, because, as shown by Melnick and 
Field (10), the amine reacts with substances in extracts to produce a color, 
but this reaction does not occur when cyanogen bromide is present. This 
necessitates omitting both the amine and cyanogen bromide from the blank 
when the color due to the extract is being determined, and requires the 
measurement of two blanks, the effects of which are additive. One of these 
is termed the sample blank and consists of 10 ml. of the extract being as- 
sayed, 5 ml. of buffer solution, 6 ml. of water, and 1 ml. of 20 per cent 
hydrochloric acid. A distinct advantage of the acidification enters at 
this stage of the procedure, since any protein in the extract which 
is precipitated by the alcohol of the buffer is immediately redissolved 
upon addition of hydrochloric acid, thus providing a clear yellow solution. 
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This, of course, applies to the sample being assayed as well as to the sample 
blank. The second blank is termed the reagent blank and consists of 16 
ml. of water, 5 ml. of cyanogen bromide solution, and 1 ml. of the 5 per cent 
m-phenylenediamine solution. This latter blank is constant and need be 
determined only once for a series of assays. However, it is not possible 
to set the colorimeter at zero for the reagent blank, because the reagents 
often produce more color than is present in the sample blank. Therefore, 
it is best to set the instrument at zero for some arbitrary point (distilled 
water) and, in making an assay, obtain the true reading, which is propor- 























TaBLe III 
Determinations with Commercial Vitamin Tablets 
Sample No. Nicotinic < ae per | Nicotinic -— ane per nee eae 
wy meg. me. as | per cent 
1 0.00 4.72 
2 0.00 4.72 
3 1.00 5.72 100.0 
4 .00 5.72 | 100.0 
TaBLe IV 
Determinations with Blood (Cow) 
Sample No. Miastinte. 088 attest per none pelt Sound per | Rasevery of ote 
ty meg. me. | per cent 
1 0.00 | 0.41 | 
2 0.00 0.41 | 
3 1.00 1.41 100.0 
4 1.00 1.37 97.2 
5 2.00 2.41 100.0 
6 2.00 | 2.46 102.0 
7 3.00 3.55 | 104.2 
8 3.00 3.50 | 102.6 





tional to the concentration of nicotinic acid, by subtracting from the sample 
reading the sum of the readings of the two blanks. 

In order to test the validity of the dual blank procedure, recovery ex- 
periments were carried out with blood and with commercial vitamin tablets, 
both of which substances yielded colored extracts. The blood samples 
were extracted according to the method of Friedemann and Barborka (11), 
while the vitamin tablets were extracted with hot water, centrifuged, and 
the centrifugate diluted until 10 ml. contained between 10 and 50 y of 
nicotinic acid. The data, presented in Tables III and IV, substantiate 
the accuracy of the procedure with the blanks. 
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SUMMARY 


The use of m-phenylenediamine and 20 per cent hydrochloric acid in the 
colorimetric determination of nicotinic acid has been described. The 
reaction is immediate and produces a color which has a fairly high optical 
density and which is stable for over 15 minutes. 

A method of calculation, involving dual blanks, for use when colored or 
turbid extracts are being assayed has also been presented. 


BIBLIOGRAPHY 


1. Swaminathan, M., Nature, 141, 830 (1938). 
. von Euler, H., Schlenk, F., Heiwinkel, H., and Hogberg, B., Z. physiol. Chem., 
256, 208 (1938). 

. Bandier, E., and Hald, J., Biochem. J., 38, 264 (1939). 

. Harris, L. J., and Raymond, W. D., Biochem. J., 33, 2037 (1939). 

Stotz, E., J. Lab. and Clin. Med., 26, 1042 (1941). 

Raoul, Y., and Crépy, O., Bull. Soc. chim. biol., 23, 362 (1941); Chem. Absir., 37, 
397 (1943). 

. Martinek, R. G., Kirch, E. R., and Webster, G. L., J. Biol. Chem., 149, 245 (1943). 

. Konig, W., J. prakt. Chem., 69, 105 (1904); 70, 19 (1904), 

. Dann, W. J., and Handler, P., J» Biol. Chem., 140, 201 (1941). 

. Melnick, D., and Field, H., Jr., J. Biol. Chem., 185, 53 (1940). 

. Friedemann, T. E., and Barborka, C. J., J. Biol. Chem., 138, 785 (1941). 


oon 8 


- © © oO +! 


_ — 





oo — i | eT Vv VF Fe tO le o 4 mm OMe awe tans 


















THE HYDROLYSIS OF CYSTINE AND THE FRACTIONATION 
OF SULFUR IN PLANT TISSUES 
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(From the Department of Agricultural Research, American Smelting and Refining 
Company, Sali Lake City, Utah) 


(Received for publication, January 4, 1944) 


It is generally recognized that when biological material is subjected to 
alkaline hydrolysis for the liberation of sulfide sulfur, the principal source 
of the sulfur is cystine or closely related substances. This sulfur is often 
called “labile” sulfur. The older methods (7, 8) for estimating “labile” 
sulfur were quite arbitrary and were usually intended to distinguish between 
more or less loosely bound and firmly bound sulfur rather than to estimate 
the sulfur in any particular compound, though it was understood that one- 
half to three-fourths of the cystine sulfur might be so recovered, and it was 
suggested (10) that glutathione might be the source of the most readily 
hydrolyzed sulfur. 

Clarke and Inouye (4) found that the sodium plumbite hydrolysis of 
cysteine gave a quantitative yield of lead sulfide but that cystine yielded 
only 75 to 80 per cent of its sulfur as lead sulfide. The latter was removed, 
oxidized, and determined gravimetrically. The remainder of the sulfur 
was assumed to be in the form of thiosulfate. Ambler (1), using cystine 
standards and rigidly controlled digestion with lead acetate and magnesium 
oxide, was able to obtain reproducible “labile” sulfur values in sugar solu- 
tions, which he expressed as the equivalent amounts of cystine. 

In the present work the disposition of the sulfur after hydrolysis of 
cystine by a mild alkaline digestion has been studied and the treatment 
has been applied to the fractionation of the sulfur in plant material. 


Determination of “Labile” Sulfur 


Apparatus—The apparatus of Ambler (1) was modified as shown in 
Fig. 1. Dropping funnels were provided so that the contents of the di- 
gestion flask could be acidified either through the intake tube or through 
the condenser. The absorbers were 125 ml. bottles with ground glass 
stoppers, but rubber stoppers were used in the assembly line. Hydrogen 
(or nitrogen) free of oxygen was passed slowly through the apparatus. 
A 3-way stop-cock or a glass T before each absorber permitted addition of 
reagents to the absorber without exposing its contents to the air. Four 
units of apparatus were operated simultaneously from one source of hy- 
drogen. In some of the analyses, the digestion mixture was filtered in order 
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to treat the precipitated sulfide independently of the other products of the 
reaction. This was accomplished by removing the intake dropping funnel 
and the absorbers and connecting the filtering apparatus, as shown by the 
broken lines in Fig. 1. By proper manipulation of the stop-cocks, the 
suspension could be drawn from the flask and filtered under hydrogen. 
Digestion—The base used throughout the work was magnesium oxide, 
A few tests with leaf tissue indicated that the use of 0.5 nN or 4.0 N potas- 








Fie. 1. Apparatus for alkaline digestion of cystine or biological material and 
subsequent evolution of hydrogen sulfide, etc., or filtration under hydrogen of cad- 
mium sulfide. 


sium hydroxide did not increase the yield of sulfide. In view of the fact 
that the latter caused troublesome foaming, magnesia was preferred. A 
number of heavy metals were added to the reaction mixture containing 
leaf tissue in an effort to find the best collector of the hydrolyzed sulfide. 
Digestion with cadmium chloride or hydroxide gave the maximum yield. 
Bismuth and lead salts gave about 85 to 90 per cent of the yield obtained 
with cadmium; zine salts about 65 per cent; silver and mercury salts about 





rT —_—.|!6h —_—hll lll Ol 


ae) or er) a a a 


o0UlCOwllOOO sl OC 


@ ©@& 


SBSeezeeecerawzezegerps 


zn 


Ss 





SE RE 


2 


- S 


a ™ © a 





M. D. THOMAS AND R. H. HENDRICKS 315 


50 per cent; cobalt, nickel, and stannous salts about 30 to 40 per cent; 
antimony, manganese, cuprous and cupric salts only 0 to 3 per cent. If 
no collector was used and the hydrogen sulfide was swept out continuously 
as rapidly as it was formed, a yield of 75 per cent of sulfide was obtained. 
Cadmium salts also gave a higher yield than lead in the hydrolysis of pure 
eystine and they had an additional advantage over lead for our purpose in 
that they did not interfere in the analysis of the reaction mixture for the 
sulfur remaining after the removal of the sulfide. 

The leaf tissue studied was generally fresh material kept frozen in tight 
containers at —15°. 15 gm. portions were comminuted in a Waring blendor. 
The suspension was diluted with water to 600 ml. and while being 
thoroughly agitated two 200 ml. portions were taken for sulfide anatysis 
and three 50 ml. portions for dry weight determination. Leaf samples 
which had been rapidly air-dried by being spread out in a warm room gave 
results comparable with the frozen material. 1 or 2 gm. portions of the 
air-dry leaves were used. 

The samples of pure chemicals or leaf tissue were mixed with 25 ml. 
of a 5 per cent suspension of magnesia and 1 gm. of cadmium chloride and 
diluted to 325 ml. The apparatus was flushed out with hydrogen before 
the flask was heated and the digestion was allowed to proceed with gentle 
boiling in a very slow stream of hydrogen. Two Gilmer heaters in series 
supplied the correct amount of heat. The flask was covered with a hood 
of asbestos paper to exclude the light. The digestion period varied with 
the material. The hydrolysis of thiourea was complete in 1 hour or less; 
cystine required 12 to 20 hours; casein, 1 to 2 days, depending on the size 
of the sample; and leaf tissue, 2 to 4 days. 

Absorption and Estimation of Sulfide and Sulfite—In one procedure the 
reaction mixture was acidified with sufficient boiling approximately normal, 
hydrochloric acid to dissolve the magnesia and cadmium sulfide. It was 
best to introduce the acid through the intake tube, but the condenser 
sometimes needed washing. A stream of hydrogen removed the hydrogen 
sulfide and also some sulfur dioxide as rapidly as they were liberated. 
Absorption was accomplished in two absorbers each containing 10 ml. 
of St. Lorant’s (1) solution (5 per cent zine acetate, 1 per cent sodium ace- 
tate, and 0.5 per cent sodium chloride) diluted with 50 ml. of water. In 
some experiments the zinc absorbers were preceded by an absorber con- 
taining 50 ml. of phosphate-borate buffer (2 per cent disodium phosphate 
crystals and 0.8 per cent boric acid). This solution had a pH of 7.6 to 
7.7 and served effectively to separate small amounts of sulfur dioxide and 
hydrogen sulfide. 

Estimation of the absorbed sulfur compounds was completed by one of 
three methods. First, by converting the sulfide to methylene blue (1), 
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or second, iodometrically in acid solution, or third, bromometrically by the 
Manchot and Oberhauser method (6), followed by precipitation of barium 
sulfate. The methylene blue method is specific for hydrogen sulfide, but 
it was difficult to control the reactions involved so as to secure quantita- 
tive results. The iodometric analysis was carried out by adding potassium 
iodide first, then an acid solution of 0.015 N iodine or iodate, followed by 
titration with 0.01 n thiosulfate. This order of adding the reagents was 
necessary to prevent overconsumption of iodine by the larger amounts of 
sulfide. Sulfur dioxide has the same iodine factor as hydrogen sulfide 
and the titration will, therefore, give total sulfur correctly even if both 
forms are present in a mixture. 

For the bromometric titrations, solutions of 0.1 and 0.02 N bromine in 
normal potassium bromide were used. It was necessary to add an excess 
of about 10 ml. of 0.1 N bromine in a total volume of 100 ml. in order to 
oxidize sulfide to sulfate in a few minutes. Only a slight excess of bromine 
was necessary for the sulfite oxidation. A little acid was added after the 
bromine, and the bottle was closed with a glass stopper with a minimum 
exposure of the bromine solution. The excess bromine was titrated with 
standard 0.1 N arsenious acid until the solution was colorless; then a drop 
of methyl red was added, and 0.02 n bromine was added drop by drop until 
the indicator was suddenly decolorized. It was helpful in titrating the 
bromine to replace the glass stopper with another glass stopper having a 
small hole drilled through it to accommodate the burette tip. Barium 
chloride was then added to the solution for a gravimetric sulfate determina- 
tion. Since sulfide requires 4 times as much bromine for oxidation as 
sulfite, the bromometric method in conjunction with the gravimetric served 
to identify qualitatively as well as to determine quantitatively the two 
sulfur forms. The principal objection to this method arose from the fact 
that bromine oxidized some volatile organic compounds, which could not 
be excluded completely. The iodometric method was not subject to this 
objection to an appreciable extent. 

Hydrolysis of Cystine—The hydrolysis of cystine was studied with an 
Eastman preparation both as supplied and after repeated recrystallization. 
The purity was determined by sulfur analysis in the Parr bomb. Table! 
summarizes a series of experiments in which various amounts of cystine 
were digested for different lengths of time. The products of the hydrolysis 
were collected in the zinc acetate absorbing solution and titrated iodo- 
metrically. The data indicate that the reaction was not complete in 4 
hours but that the yield of volatile sulfur compounds was constant at 89 
to 96 per cent of the total sulfur after 12 to 68 hours with amounts of cystine 
up to 20 mg. Protracted digestion evidently did no harm. 

Table I also shows that small amounts of cysteine, thiourea, and thio- 
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semicarbazide gave quantitative yields of sulfur by this method. It seems 
probable that these substances give higher yields than cystine because in 
them only a simple hydrolysis is involved. 

A number of other sulfur compounds, notably methionine, gave negative 
results, and only 0.7 per cent of the sulfur in thioglycolic acid was hydro- 
lyzed in 2 days. A commercial casein preparation yielded 0.085 per cent 


Taste I 
Hydrolysis of Cystine and Some Other Sulfur Compounds, and Iodometric 
Determination of Volatile Products of Hydrolysis after Acidification 
































| - 
samance | Weebl | Waitt | eeat enone 
Average 
mes. mes. hrs. mes. per cent per cent 
Cystine 5.0 1.33 4 1.12 | S4 
10.0 2.66 12 2.36 | 89 
2.5 0.65 20 0.59 | 9 
5.0 1.30 20 1.21 | 9 
7.5 1.95 20 1.80 | 92 
10.0 | 2.60 20 2.36 | 91 
15.0 3.90 20 3.68 | 94 
20.0 5.32 20 4.85 | 91 92 
2.5 0.65 44 0.59 | 91 
5.0 1.30 | 44 1.20 | 92 
10.0 260 | 44 2.37 | 91 
15.0 3.90 | 44 3.67 | 94 92 
| 25 0.65 | 68 0.62 | 9% 
5.0 | 1.30 | 68 1.15 | 9 | 
10.0 | 26 | 6 | 2.389 | 92 | 
15.0 | 3.9 | 68 | 3.64 | 9 92 
Cysteine hydro- | 5.0 0.92 | 18 | 0.93 | 101 
chloride | 10.0 1.84 | 18 | 1.86 | 101 
| 20.0 3.68 18 | 3.74 | 102 | 101 
Thiosemicarbazide | 6.25 2.13 2 2.12 | 100 | 
| 6.25 2.13 19 | 2.23 | 105 | 102 
Thiourea | 5.0 2.10 | 1 | 212 | 101 
| 5.0 2.10 | 3 2.09 | 100 | 
| 5.0 | 210 | 12 214 | 102 | 101 





sulfur in a number of concordant analyses. This is about the same as the 
“labile” sulfur found by Clarke and his associates (3, 12) and may be com- 
pared with the value 0.075 to 0.08 per cent for cystine sulfur reported by 
Sullivan (9) and 0.08 per cent reported by Baernstein (2). 

In another series of experiments it was found that the sulfur recovery 
from cystine by iodometric titration was 90 + 2 per cent, whereas by the 
methylene blue method the recovery was 83 + 6 per cent. This suggested 
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that, in spite of the large variability of the methylene blue data, the titra- 
tion method included something besides sulfide, presumably sulfite. Dj- 
gestions were, therefore, carried out on known mixtures of sodium sulfite 
with either sodium sulfide or cystine, the phosphate-borate buffer absorber 
being used in advance of the zine acetate absorber. 

The results in Table II indicate a total recovery of about 95 per cent. 
Bromometric and gravimetric analyses generally gave concordant results, 
indicating that sulfur dioxide was the only gas absorbed in the first ab- 
sorber, and hydrogen sulfide the only one in the second. There was a 
limited reaction by which some sulfur dioxide was formed from sulfide, 
This could be minimized by using fresh oxygen-free solutions, and avoiding 
exposure to the air when the digestion is started. It seems likely that the 
reaction occurred before or during evolution rather than during absorption 
of the gas. Excess of glucose in the reaction mixture prevented evolution 
of the sulfite but did not affect the sulfide. The glucose also interfered with 
the bromometric titration in the first absorber. 

Cystine alone yielded an appreciable amount of sulfur dioxide, but 
the total sulfur was in good agreement with the iodometric titrations in 
Table I. The use of stannous chloride in the digestion prevented the forma- 
tion of sulfur dioxide but did not affect the total yield. Sulfite and cystine 
mixtures gave approximately the results that would be expected from the 
behavior of the individual substances; that is, sulfur dioxide from cystine 
increased the yield from the sulfite above 100 per cent and the sulfide values 
were correspondingly reduced. 

Table III gives the results of many digestions of different amounts 
of cystine, cysteine, and glutathione. Bromometric titrations were made 
on most of these analyses, but are omitted from Table III because they 
merely confirm the gravimetric results. However, there was a tendency 
for the bromometric titrations of the sulfite to be a little higher than the 
gravimetric values, owing probably to the oxidation of some volatilized 
organic matter. Bromometric and gravimetric sulfide values agreed closely 
almost invariably. 

Three methods of handling the digestion mixture were studied. 

The first treatment, A, involved acidification, followed by evolution of 
sulfur dioxide and hydrogen sulfide, as already described. The remaining 
liquid was analyzed for sulfate. The data in Table III indicate that the 
percentage of sulfur evolved as sulfide was nearly constant with 25 mg. of 
cystine or less; with larger amounts relatively less sulfide was evolved. 
The proportion of sulfite fell likewise with the increasing size of sample. 
About 4 to 8 per cent of the sulfur was oxidized to sulfate. With 10 mg. 
samples of cystine the yield of sulfur in these fractions was quantitative 
but with 100 mg. samples 20 per cent of the sulfur was unaccounted for. 
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Cysteine and glutathione yielded more sulfide and appreciably less sulfite 
than cystine. 

In these experiments a number of different methods and rates of acidi- 
fication were tried, also different rates of aspiration with hydrogen. The 
results were not greatly affected by these variations, but it appeared ad- 
yantageous to acidify rather slowly (20 to 30 minutes) and to adjust the 
rate of aspiration of the hydrogen during the evolution period, so that a 
nearly continuous train of bubbles was formed. 


Taste II 


Recovery of Sulfur Dioride and Hydrogen Sulfide Bromometrically and Gravimetrically 
from Miztures of Sodium Sulfite with Sodium Sulfide or Cystine after Acidi- 
fication and Sweeping with Hydrogen 
Digestion time, 12 to 48 hours. 


















































Sulfur recovered 
Sulfur added as 
No, of ~ . : 
analyses Bromometrically | Gravimetrically 
Sulfite Sulfide Total SO2 H2S Total | SOz H2S Total 
meg. me. | me. percent | per cent | per cent per cent | percent per cent 
2 0.97 0.87 1.84 108 113 110 | «119 99 109 
5 0.96 4.35 5.31 138 91 99 | 126 89 95 
1* 1.00 4.45 5.45 96 92 93 4 88 | 72 
20 | 4.72 4.30 9.02 107 87 97 108 8 | 
* | 50 | 44 | 9.4 2 | 9 | 57 8 | 87 | 45 
“1 | 4.7 | 85 | 13.2 118 | 8 | 9 | 117 | 81 | 94 
A f | 
Cystine | | 
2 |o 5.32 | 5.32 2 | 74 | 98 17 | m | 91 
It | 0 5.32 | 5.32 3 | o | 94 1 | 9 | 91 
1 0.92 2.66 3.58 117 87 95 112 76 | 85 
1 | 4.95 | 2.66 | 7.61 97 | 72 | 88 | 108 | 6 | 9 
7 | 4.66 | 5.32 | 9.98 | 14 | 6 | 9 | M0 | 67 | 87 








*1 gm. of glucose added to the digestion mixture. 
t Stannous chloride added to the digestion mixture. 


The second treatment (B) consisted in filtering the cadmium sulfide on 
a giass filter under hydrogen, returning the precipitate to the digestion 
flask, and evolving the sulfur dioxide and hydrogen sulfide with acid. The 
transfer of the precipitate to the flask was carried out quickly in the cold 
with oxygen-free water and with a minimum exposure to the air. Finally, 
the precipitation of the sulfate in the filtrate was carried out under hy- 
drogen. The yield of sulfite and sulfate by this method was about the 
same as with the first method, but the yield of sulfide was a little higher. 
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Examination of the filtrates from these reactions by the methods of Kurt- 
enacker and Goldbach (5) revealed no more than traces of thiosulfate or 
polythionates. 

The third treatment (C) involved filtration under hydrogen and direct 
oxidation of the sulfide to sulfate by bromine. This oxidation could not 
be estimated bromometrically because organic matter was present which 


Taste III 


Sulfur Dioride, Hydrogen Sulfide, and Sulfate Determined Gravimetrically after 
Hydrolysis of Cystine, Cysteine, and Glutathione 





Sulfur recovered as 














No. of Treat- Weight of | Weight 
analyses ment sample of S omae Seiten Sulfate | Toul 
meg. még. per cent | per cent | per cent per cent 
Cystine 2 A 5 1.33 78 19 tT | 97+ 
4 . 10 2.66 77 17 6 | 100 
7 we 20 5.32 74 17 t 91+ 
3 o 25 6.65 76 11 t 88+ 
3 - 50 13.30 72 8 4 | & 
2 . 100 | 26.60 66 6 8 | 80 
2 B 50 13.0 76 6 6 | 8 
2 te 100 =| 26.0 77 4 | 8 89 
2 C 10 | 2.66 100 | 2 | 102 
4 “ 50 | 13.2 94 | 5 | @ 
3 “ 100 | 26.3 92 7 | # 
Cysteine l A 5 | 0.92 101 3 t | 104 
3 4) ae 1.84 99 6 t | 105 
3 “ 2 | 460 | 87 3 t | 90 
2t " 25 4.60 97 2 ft | 9 
1 nm 50 7.65 73 1 t | 7% 
Glutathione 2 n 10 1.04 | 103 13 t | 116 
2 - 25 2.60 90 5 t | % 





* Treatment A, acidify and sweep with hydrogen. Treatment B, filteT Cd8 un- 
der Hz, return precipitate to flask, acidify, and sweep with H2:; Treatment C, filter 
Cd8 under H:2 and oxidize CdS with Br water. 


+t Not determined. 
t 1 to 2 gm. of mannitol added to digestion mixture. 


caused overconsumption of bromine. Practically all the sulfur was ae- 
counted for as sulfide and sulfate. Only a trace of sulfur dioxide could be 
evolved from the filtrate but any sulfite precipitated with the sulfide would 
be included with the latter. In other experiments with 1.0 gm. samples 
of cystine, after 2 days digestion, 87.5 per cent of the sulfur was recovered 
as sulfide, 9.2 per cent as sulfate, 1.5 per cent as base-soluble organic sulfur, 
and 1.8 per cent as base-insoluble, acid-soluble, organic sulfur. The last 
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item probably came partly from unchanged cystine deposited in the intake 
tube and protected from the digestion mixture. 


DISCUSSION 


A detailed study of the reaction products of the cystine hydrolysis is 
being made! the results of which will be published later. At this time it 
may be indicated (1) that pyruvic acid has been isolated after the comple- 
tion of the digestion as one of the principal reaction products, without 
addition of a precipitating agent to the mixture during digestion as was 
done by Clarke and Inouye (4); (2) attempts to isolate glyceric acid have 
been unsuccessful; (3) sparingly soluble organic substances are present in 
the MgO-CdO-CdS mixture, and (4) deamination and evolution of am- 
monia are nearly complete during the digestion. The following over-all 
reactions therefore suggest themselves: 
ne 


. + 9H,O — H,SO, + 5H,S +6CH;-CO-COOH + 6NH; 
| S-CH,-CH(NH,)-COOH |} 
$-CH,-CH(NHs)-COOH | 
+ 12H,0 — H,SO, + 7H,S +8CH,-CO-COOH + 8NH; 








| S-CH,-CH(NH2)-COOH | 


Bergmann and also Clarke and Inouye (4) have suggested a mechanism for 

conversion of cysteine to pyruvic acid: 

NaS-CH,-CH(NH,)-COONa + NaOH — CH,:C(NH,)-COONa + NaS + H,O ~ 
CH,;-CO-COONa + NH; 

Without entering into a detailed consideration of the process, we may say 
that the splitting of the disulfide linkage appears fairly satisfactorily ex- 
plained by oxidation of part of the sulfur to sulfite and sulfate. The equa- 
tions require that the sum of sulfite and sulfate sulfur shall be between 12.5 
and 16.7 per cent of the total. The values in Table III indicate that this 
condition is approximately fulfilled. With small samples of cystine the 
values are slightly high and with large samples slightly low. Sulfite values 
as found by Treatment B are probably included in the sulfide values by 
Treatment C. With such an allowance the equations are nearly exactly 
fulfilled in the case of the 1.0 gm. samples of cystine. Itmay be noted that 
a very small amount of sulfite is derived from cysteine, suggesting that 
other reactions are not entirely excluded. The separation of free sulfur 
has not been observed (4). It should be emphasized that in the present 
hydrolysis the pH of the reaction mixture was about 8.5. Less drastic 
reactions can therefore be expected than with stronger alkali. 


' The authors are indebted to A. J. Johanson, Brigham Young University, Provo, 
Utah, for assistance with this study. 
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It also appears that the deamination and production of pyruvic acid 
can be accomplished by hydrolytic or compensated oxidation-reduction 
reactions without addition of an oxidizing agent to the system. Pyruvie 
acid has long been known to react readily with hydrogen sulfide to form 
thiodilactic acid. This fact may explain the reduced yields of hydrogen 
sulfide by acid evolution from the digestion of the larger samples of cystine, 
Owing to concentration effects, the proportion of hydrogen sulfide thus 
fixed would probably increase as the weight of cystine digested increased, 
In a special experiment, a mixture of sodium sulfide and pyruvic acid evolved 
appreciably less hydrogen sulfide than did sodium sulfide alone. In the 


Taste IV 
Sulfur Fractionation of Sample of Alfalfa Leaves 





Sulfur recovered 


| Organic sulfur 
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mene” |mS+80:| CaS SO. Base-insoluble | | Total 
Base- . SS Total 
| soluble Acid- Acid- soluble | 
| ! soluble insoluble 
per cent per cent per cms | - out per ont our cont | pes out 7 per cent 
A 0.096 0.233 | 0.106 | 0.150 | 0.585 
B 0.097 0.226 | 0.087 0.057 0.111 | 0.144 | 0.578 
Cc 0.095t 0.218 | 0.076 0.043¢ 0.95 0.152 0.578 
0.018f 0.033t 





Total sulfur by bomb 0.57 per cent. 

* After 3 to4 days digestion. Treatment A, acidify and sweep with H:; Treatment 
B, filter CdS under H,, return precipitate to flask, acidify, and sweep with hydro- 
gen; Treatment C, filter CdS under H2, and treat precipitate successively with cold 
and hot Br water. Analyze all filtrates for sulfate and organic sulfur. 

+t Digest with cold Br water. 

t Digest with hot Br water. 


case of Treatment B in Table III, the organic material in the MgO-Cd0- 
CdS mixture probably interfered similarly with hydrogen sulfide evolution 
after acidification but to a smaller extent. It may be noted that Clarke 
and Inouye (4) were able to recover only 86.5 to 90.5 per cent of the sulfur 
in all inorganic fractions when they used a technique analogous to Treat- 
ment B for “labile” sulfur analysis of 1.0 gm. samples of cystine. 
Hydrolysis of Leaf Tissue—Sulfur distribution of a single sample of 
powdered alfalfa leaves is summarized in Table IV. The three treatments 
employed in Table III were applied to the leaf tissue after a digestion period 
of 3 days. About 5 per cent of the sulfur evolved after acidification came 
off as sulfur dioxide. The “labile” sulfur values by the three methods 
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agreed satisfactorily, except that when the cadmium sulfide precipitate 
was given a vigorous treatment with hot bromine water high results were 
obtained, owing presumably to the oxidation of organic sulfur compounds 
precipitated with sulfide. Similarly, the three methods yielded nearly the 
same amount of sulfate. 

The filtrates, after removal of sulfate, were evaporated to dryness in 
large nickel crucibles. The solutions were rendered alkaline during the 
evaporation. The residues were fused with sodium peroxide to destroy 
the organic matter, and the sulfate formed was determined gravimetrically 
to give soluble organic sulfur. In the second and third methods, the soluble 














Tasie V 
Comparison of Iodometric and Gravimetric Analyses for ‘‘Labile’’ Sulfur in Alfalfa 
Leaves 
| Cultural treatment Sulfide S 
ie at | oases | Pain| Todometric Gravimetric 
| SOs fumigation 
Nutrient solution ee m4 a 
| per cent per cent per cent 
Ist | None | Low | Low 0.115 | 0.112 | 0.107* 
Ist ag 39 High 0.107 0.103 0.097* 
Ist Fumigatedt High m 0.128 0.122 0.122* 
Ist ‘6 Low Low | 0.132 0.122 0.126* 
4th None = * | 0.075 0.064} 
4th ee } High 0.076 0.066t 
4th Fumigated§ | =“ Low | 0.141 0.128t 
4th . " High | 0.132 0.118 











* Acidify and sweep with H,. 

t 293 hours at 0.11 part per million of SO,. 
t Filter CdS and treat with Br water. 

§ 223 hours at 0.09 part per million of SO,. 


organic sulfur was about equally divided between the two filtrates, obtained 
before and after treatment of the cadmium sulfide. These fractions prob- 
ably include the methionine sulfur, since preliminary experiments indicate 
that methionine forms a sparingly soluble magnesium salt, a considerable 
part of which is retained in the base-insoluble residue, the remainder passing 
into the filtrate. The behavior of methionine is being investigated further. 

In addition to these fractions, some insoluble organic matter, consisting 
of cell wall material and complex organic compounds, was present in the 
reaction mixture, after solution of the cadmium sulfide. The sulfur in 
this material was determined by the Parr bomb method. The first and 
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second methods gave practically the same results for this fraction, but 
Treatment C gave slightly low results, owing probably to the vigorous 
bromine treatment. It may be noted that this sample lost 0.01 per cent 
of “labile’’ sulfur and gained 0.01 per cent of acid-insoluble organic sulfur 
as a result of 3 years storage in a cool dark place. 

In Table V, eight samples of fresh alfalfa leaf tissue were analyzed iodo- 
metrically for “labile’”’ sulfur a few days after harvest, by the technique 
described earlier. The digestion time was 3 days. Aliquot portions of 
these samples were air-dried and 6 to 9 months later the aliquots were 
analyzed iodometrically and gravimetrically. The different determinations 
gave approximately the same results, but the results with the air-dried 
samples were a little lower than with the fresh samples. This alfalfa was 
grown in sand culture and all the plots except one had an inadequate supply 
of sulfate sulfur in the nutrient solution (11). It may be noted that the 
sulfur-deficient unfumigated plots had considerably less “labile” sulfur 
than the corresponding ‘‘fumigated”’ plots, particularly on the fourth crop, 
when the sulfur deficiency was more marked than on the first crop. Evi- 
dently fumigation with sublethal concentrations of sulfur dioxide raised 
appreciably the “labile” sulfur level of alfalfa growing in a low sulfate 
nutrient solution. The reproducibility of the results is satisfactory. The 
“labile” sulfur values should be increased by 10 per cent to express them 
as the equivalent amounts of cystine. 


SUMMARY 


Analysis of cystine by mild alkaline digestion in the presence of a cad- 
mium salt, followed by acidification and evolution of hydrogen sulfide 
in the reaction flask or by filtration and oxidation of the cadmium sulfide, 
has been studied with many variations of the procedure. 

1. Cadmium salt is the most efficient collector of sulfide. 

2. Hydrolysis of cystine is nearly complete in 12 to 20 hours. 

3. After acidification and depending on the weight of cystine digested, 
66 to 78 per cent of the sulfur is evolved as sulfide, 6 to 19 per cent as sulfur 
dioxide, and 4 to 9 per cent is oxidized to sulfate. Lower yields with larger 
samples are probably due to formation of stable organic compounds during 
the evolution process. 

4. Iodometric titration of the evolved gases is a convenient and accurate 
method of analysis. The results agree well with bromometric and gravi- 
metric methods. 

5. When the cadmium sulfide is filtered off and oxidized, nearly all the 
sulfur is accounted for as sulfide (including sulfite) and sulfate even with 
larger samples of cystine. 

6. The amount of sulfite and sulfate produced in the digestion is prac- 
tically equivalent to the reduction of the disulfide linkage. 
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7. Hydrolytic reactions account for the deamination of the cystine and 
also the production of sulfide and pyruvic acid. 

8. The digestion has been applied to leaf tissue and the sulfur has been 
partitioned into “labile” or “cystine” sulfur, sulfate, soluble organic sulfur, 
and insoluble organic sulfur. The results are reproducible. 
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A QUANTITATIVE STUDY OF THE ADSORPTION OF ESTRONE, 
ESTRIOL, AND a-ESTRADIOL ON A CHROMATOGRAPHIC 
COLUMN 


Br BENJAMIN F. STIMMEL 
(Fr m the Rees-Stealy Medical Research Fund, Ltd., San Diego, California) 


(Received for publication, January 22, 1944) 


In the course of a study of various procedures for the concentration and 
purification of urinary estrogens, the feasibility of the chromatographic 
technique seemed to warrant investigation. Chromatography has been 
employed to advantage in isolation procedures (1-3) for certain estrogens 
but no attempt has been made to utilize it in any quantitative procedure 
for estrone, estriol, and a-estradiol, the three estrogens believed to occur 
in human female urine (4,5). Furthermore, it was suspected that sufficient 
differences in adsorptive characteristics might exist among the three estro- 
gens to effect a reasonably accurate separation from a mixture. Current 
procedures for the quantitative separation of mixtures of the three naturally 
occurring estrogens depend upon differences in distribution between im- 
miscible solvents (6-8) or upon differences in chemical reactivity of the 
C-17 substituent group (9, 10). 

We have investigated the adsorption characteristics of crystalline estrone, 
estriol, and a-estradiol on a column of activated alumina and have developed 
a chromatographic procedure for the quantitative separation of the strongly 
phenolic estrogen (estriol) from the weakly phenolic estrogens (estrone and 
a-estradiol). This investigation and procedure form the subject of this 
report. The application of the chromatographic technique to suitable 
urinary estrogenic residues will be the subject of a forthcoming publi- 
cation. 

EXPERIMENTAL 

Reagents— 

Standard solutions of estrogens. Two weighed samples of crystalline 
estrone, two of estriol, and two of a-estradiol' were taken up in 95 per cent 
alcohol. Suitable aliquots of these solutions (containing from 25 to 300 y) 
were transferred to test-tubes, and the solvent then evaporated by im- 
mersing the tubes in a boiling water bath. The residues left after evapora- 
tion were dried in vacuo overnight. 


Supplies of crystalline estrone, estriol, and a-estradiol were generously supplied 
by Dr. Erwin Schwenk of the Schering Corporation; estrone and estriol by Dr. O. 
Kamm of Parke, Davis and Company; and a-estradiol by Dr. Ernst Oppenheimer of 
the Ciba Pharmaceutical Products, Ine. 
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Kober’s reagent prepared and employed essentially as described by Ven- 
ning et al. (11). <A calibration curve for each estrogen was employed to 
convert color density at 520 my into micrograms of estrogen, since each 
exhibits a significant difference in this respect. 

Zimmermann’s reagent (12) was prepared and employed as described 
by Talbot et al. (13). 

The David test for estriol (14) was performed essentially as described by 
Pincus et al. (15) except that 6 ml. of water were added instead of 2.6 ml. 
in order to permit readings to be made on the Evelyn photoelectric colori- 
meter. With a 620 mu filter, Beer’s law holds for estriol over the range 
10 to 60 y. K = 0.052. 

Benzene (Baker’s c.p., thiophene-free) was dried over calcium chloride 
and distilled in an all-glass apparatus. 

Methyl alcohol, absolute, Merck reagent. 

Ethyl alcohol, absolute. United States Industrial Chemicals, Inc., 200 
proof. 

Aluminum oxide, anhydrous, Merck, according to Brockmann (Merck 
and Company, Inc.) screened to pass a 200 mesh sieve. 

Apparatus—The adsorption tube employed was 19 mm. by 200 mm. 
The middle section was made from a distilling vacuum adapter? the upper 
male joint of which was sealed by a fritted glass disk. The bottom section 
consisted of interchangeable flasks with ground glass joints. A negative 
pressure from a water aspirator was used to maintain the proper rate of flow. 

The Evelyn photoelectric colorimeter was used throughout, measure- 
ments being made with the 520 and 620 mz filters. 


Procedure 


Preparation of Liquid Chromatogram (16)—30 gm. of anhydrous aluminum 
oxide were added in small portions to a well dried chromatographic tube 
and gently tamped after each 1 to 2 cm. rise in height. Employment of a 
negative pressure after the first addition of aluminum oxide prevented any 
tendency for it to creep up the side of the tube during tamping. A freshly 
prepared column was used for each determination. 

The appropriate estrogen residue was then dissolved in 0.5 ml. of ab- 
solute ethanol and diluted with 30 ml. of benzene. The solution and each 
eluent were then added to the column from a small separatory funnel and 
a negative pressure applied so as to regulate the flow of the percolate to 
approximately 25 ml. per 10 minute interval. Each successive 25 ml. 
portion of eluent was added to the column when the meniscus of the pre- 
ceding portion fell to within 0.5 cm. of the top of the columm, at which time 
the filtrate receptacle was replaced by a fresh one. 


? Scientific Glass Apparatus Company, Catalogue 140, No. J-1516. 
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The small amount of filtrate from the hormone solution itself was always 
included in the filtrate from the first 25 ml. portion of the succeeding eluent. 
The solvent was then distilled from each fraction of the filtrate and the 
hormone residue or an aliquot part was transferred to «a colorimeter tube 
with a small amount of ethyl aleohol. The tube was prepared for colorim- 
etry by evaporating the alcohol and storing the residue in vacuo for 24 hours. 

Liquid chromatograms for each individual estrogen were prepared with a 
limited variety of eluents. The behavior of each estrogen to a succession 
of solvents having increasingly powerful eluent actions was then investi- 
gated. Finally the behavior of a mixture of estrogens to such a succession 
of eluents was tested. From these data a suitable quantitative procedure 
for separating mixtures of the three estrogens was evolved and tested with 
varying relative proportions of estrogen mixtures. To determine the 
quantitative features of the method each eluent was collected in toto, rather 
than in 25 ml. fractions, and tested for estrogen content. 


Results 


Benzene appeared to be the most suitable choice of solvent for the three 
estrogens. In view of the low solubility of estriol in benzene (17) a very 
small amount (0.5 ml.) of absolute alcohol seemed desirable to aid in dis- 
solving the estrogen residues. Consequently each estrogen residue for 
chromatography was taken up in 0.5 ml. of absolute alcohol and diluted 
with 30 ml. of benzene. 

A series of determinations on the extent of development permissible 
with pure benzene in the case of each estrogen was carried out. Table I 
contains a summary of our results. It can be seen that development with 
as much as 225 ml. of benzene failed to elute any detectable amount of sal 
one of the three estrogens. 

A number of attempts at extrusion and division of the aluminum ould 
columns proved difficult and suggests the infeasibility of this method of 
separation. However, it was possible by this method to demonstrate that 
the three estrogens were adsorbed in the top third of the column. 

The liquid chromatogram (16) technique was then adopted and a study 
was made of a number of solvents which might serve as suitable eluents. 
A summary of the effectiveness of the most suitable solvents in the series 
investigated is shown in Table I. It is apparent that admixture of small 
proportions of absolute methanol or ethanol with benzene provides a suitable 
eluent. Furthermore, it appears that absolute methanol is more effective, 
volume for volume, than absolute ethanol, especially in the case of estriol, 
which is more strongly adsorbed than the weakly phenolic estrogens (es- 
trone and a-estradiol). It is also apparent that estrone and a-estradiol are 
strikingly similar in adsorptive power on activated alumina with respect 
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to the eluents listed and consequently offer little hope for separation. 
However, these eluents do seem to be sufficiently selective in effect to ac- 
complish the separation of estriol from mixtures containing the other two 
estrogens. 

In order to develop a suitable scheme of successive eluents it is neces- 
sary to know how each estrogen distributes itself in such a scheme and how 
it is affected by the presence of other components of the mixture. Table 
II gives a summary of a number of determinations which seemed most 
likely to serve as a basis for a quantitative separation of estriol from estrone 
and a-estradiol. 75 ml. of pure benzene were chosen as a convenient 
amount of developing fluid. Then 100 ml. of benzene-methanol mixture 


Taste I 


Distribution of Estrogens Eluted from Chromatographic Column of Activated Alumina 
by Successive 25 M1. Washings of Various Eluents 





Per cent of total eluate in each washing* 











23 wey 200- Eluent eee ae — 

Ne. tnd | 3rd | 4th | Sth | 6th | 7th | 8th | 9th 
1 Estrone Benzene 0 0 0 0} 0} 0} 0/0 
2 7 Benzene-ethanol (9:1) 70 24 6 O| 0| O | 0/0 
3 "3 Benzene-methanol (9:1) 89 6 5 0} 0/ 0) 0/0 
4 a-Estradiol | Benzene 0; 0; 0; O|} O}] 0} O10 
5 “ Benzene-ethanol (9:1) 17/61 12) 4); 3} 0; 0/0 
6 “, Benzene-methanol (9:1) 5/71 19; 5; 0; 0} 0/0 
7 Estriol Benzene 0 0 0 0} 0 0) 0 (0 
8 - Benzene-ethanol (9:1) 0; 0 0 0} 0} 0| 0/0 
9 - | Benzene-methanol (9:1) 0; 0! OO} OO} 4/ 28/15) 
10 Benzene-ethanol (4:1) 0' 0! 0} O}] 0} 2} 12) 
ll > Benzene-methanol (4:1) | 4 26 45 15) 6| 4) 010 





* Determined by the Kober reagent. The results were negative throughout for 
the first washing with 25 ml. 


(9:1) and 125 ml. of benzene-methanol mixture (4:1) were added in suc- 
cessive 25 ml. portions. In the case of estrone and a-estradiol there is 
again a very marked similarity in the percentage distribution in the various 
fractions. However, estriol is sufficiently dispersed from these two estro- 
gens to permit nearly quantitative separation. 

As a final test of the feasibility and dependability of the procedure, 
various binary mixtures were tested and recoveries of added amounts of 
estrogens determined colorimetrically. The data are summarized in Table 
III. The liquid chromatograms of single estrogens in the amounts indi- 
cated reveal that the procedure is adequately specific in that no detectable 
(i.e., colorimetrically) amount of estrone or a-estradiol appears outside the 
9:1 benzene-methanol eluate. On the other hand, no detectable amount 
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Taste II 


Distribution of Estrogens Eluted from Chromatographic Column of Activated Alumina 
by Successive Washings with Solvents Possessing Increasingly 
Powerful Eluent Actions 


The figures refer to the percentage of the total amount recovered in each solvent. 




















Solvent* in successive 25 ml. portions 
4 Amount of estrogen added Color reagent used er we Benzene-methanol (4:1) 
No. nol (9:1) 
| | 2nd | 3rd | 4th | Ist | 2nd | 3rd | 4th | Sth 
—— | ne he ee en hee See 
1 | 200 estrone | Kober 87| 9} 4| 0/ 0] 0] 0} 0 
2 200 ‘‘ estriol | se 0; 0; O| 6] 5/21/;12) 6 
3 | 300 ‘‘ a-estradiol | 20 | 71 9; 0; 0; 0; OO; O 
4 | 200 ‘‘ estrone | Zimmermann | 88 | 9/ 3/ 0} 0} 0| O|} O 
| 200 * estriol _ David 0; 0} O| 4] 73/12] 6| 5 
=o °° | ” 0} 0} 0} 6/58/23/ 8/ 5 
300 ‘‘ a-estradiol | Kober 18 | 71 | 11 
6 200 ‘‘ estrone | Zimmermann | 8/14; 0; 0; 0; 0) 0} O 
300 ‘‘ a-estradiol | Kober 68 | 28; 4; 0} 0} 0!} 0} O 


























* The results with 75 ml. of benzene as developing fluid and with the first 25 ml. 
portion of benzene-methanol (9:1) were negative throughout. 














Tasie III 
Recovery of Pure Estrogens from Column of Activated Alumina 
“4 | Recovery of 

— Amount of estrogen added (a) Color reagent used errs e hiv Dt! anew gece 

No. | 9:1 eluate | 4:1 elnate tw) 
Y Y per cent 
1 200 y estrone | Kober 200 0 100 
2 200 “a “ce “ce 195 0 98 
3 10“ “* ” 100 0 100 
4 | 300 ‘‘ a-estradiol a 295 0 98 
5 | 200 “‘ estriol _ 0 160 80 
6 | 300" ” 0 242 81 
Be 50 “‘ estrone | Zimmermann 50 0 100 
50 “‘ estriol | David 0 41 82 
8 | 200 ‘‘ estrone | Zimmermann 180 0 90 
| 200 “ estriol David 0 166 — 

9 | 200 “estrone | Zimmermann 182 0 91 
| 200 “ estriol | David 0 165 82 
10 100 “‘ estrone | Zimmermann 100 0 100 
25 “‘ estriol David 0 25 100 
11 300 ‘‘ a-estradiol Kober 280 93 
200 ‘‘ estriol | David 0 173 86 
12 | = 100 “ e@ estradiol | Kober 90 90 
100 “‘ estriol David 0 80 80 
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of estriol appears in the 9:1 eluate. This same effectiveness in partitioning 
binary mixtures is likewise demonstrated. As to over-all recovery of added 
estrogens, estrone and a-estradiol are recoverable to the extent of 90 to 
100 per cent and estriol is consistently recovered to the extent of 80 to 85 
per cent. Further elution with 4:1 benzene-methanol mixture reveals 
no detectable amount of estriol elution. An additional elution with a 
much stronger eluent, ¢.e. pure absolute ethanol, does elute an additional 
10 per cent of added estriol. However, the recovery of 80 to 85 per cent 
is very consistent except at very low concentration (25) and therefore 
should introduce no serious handicap to the usefulness of the procedure. 


DISCUSSION 


In order to form a basis for the possible employment of the chromato- 
graphic technique for further purification of urinary estrogen residues, it 
becomes necessary to deal with amounts of estrogen most likely to be 
present; that is, of the order of 25 to 300 y. The detection and estimation 
of this amount of active estrogenic material might be accomplished either 
by biologic assays or by colorimetric methods. In the absence of inactive 
contaminants, the colorimetric method seemed to be the method of choice. 

The Kober reagent as modified by Venning ef al. (11) produces a highly 
specific pink color with all three estrogens and because of its sensitivity and 
reproducibility in our hands has been employed for the percentage distribu- 
tion studies involving single estrogens. For those studies involving mixtures 
of the estrogens, the David test which is specific for estriol among the three 
estrogens employed and the Zimmermann test which is specific for estrone 
among the estrogens employed were also used. Liquid chromatograms of 
various binary mixtures of the three naturally occurring estrogens demon- 
strated (Table II) that the percentage distribution was essentially un- 
affected by the presence of the second estrogen. 

The recovery values listed in Table III are strong evidence that the 
naturally occurring estrogens can be quantitatively recovered from a 
chromatographic column of activated aluminum oxide and simultaneously 
separated into strongly phenolic (estriol) and weakly phenolic (estrone and 
arestradiol) fractions. The anhydrous aluminum oxide is sufficiently 
inactivated under the conditions employed to render subsequent use of the 
column inadvisable. 


SUMMARY 


A study has been made of a number of suitable eluents for the crystalline 
estrogens, estrone, estriol, and a-estradiol, after adsorption on a column of 
activated alumina. The distribution of the three estrogens, both singly 
and in mixtures, in a series of solvents having increasingly powerful eluent 
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actions was investigated. Data have been presented to demonstrate the 
utility of the liquid chromatogram in the quantitative separation of the 
strongly phenolic estrogen (estriol) from the weakly phenolic estrogens 
(estrone and a-estradiol). 
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LETTERS TO THE EDITORS 





THE SCHARDINGER ENZYME IN BIOLOGICAL IODINATIONS* 


Sirs: 


The ease of oxidation of iodide ion to free iodine by peroxides, especially 
rapid in the presence of a peroxidase, and the fact that hydrogen peroxide 
may be produced in living cells by many flavoprotein systems should make 
some biological systems containing such flavoproteins with their substrates 
possible sites of biological iodination. 

Milk, as is well known, contains the flavoprotein system xanthine oxidase 
which produces peroxide during the dehydrogenation of purines, and also 
contains a peroxidase and the readily iodizable protein, casein. 

Accordingly, experiments were carried out with unpasteurized milk. To 
the milk, from which the cream was poured off, were added small amounts 
of radioactive iodide ion, I'*', and a phosphate buffer. In various experi- 
ments, xanthine, catalase, and thiourea were added as indicated in the 
table. 

After standing for the specified times at 38°, the mixtures were made up 
to 2. n with respect to NaOH and hydrolyzed for 4 hours at 100°. The 
alkaline hydrolysate was extracted with butyl alcohol, and the alcohol 
layer washed with 5 n NaOH. The percentage of the total radioactive 
iodine remaining in the butyl alcohol layer is reported under Fraction A. 
The aqueous layer was acidified with H,SO, and KI and excess KIO; added. 
The iodine was extracted with CCl. Excess KI followed by excess KIO; 
was added and the mixture again extracted with CCl. The iodine was 
then extracted from the CCl, with aqueous sodium thiosulfate. The per- 
centage of the total iodine (radioactive) found in this fraction is reported 
under inorganic iodine. The residual radioactivity in the aqueous layer 
after the inorganic iodine and Fraction A were removed is reported under 
Fraction B. Fractions A and B of course represent organically bound 
iodine. All of the radioactivity measurements were carried out in solution 
in a glass cell surrounding the Geiger counter. Several other series of 
experiments, including one series in which hypoxanthine was employed 
as the substrate, gave results similar to those reported in the table. 

The data show that the addition of substrates for the Schardinger enzyme 
to milk, in the presence of radioactive iodide ion, induces the formation of 


* This investigation was aided by a grant from the Josiah Macy, Jr., Foundation. 
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organically bound radioactive iodine. Part of the organically bound 
iodine, like thyroxine, is readily extractable from the alkaline hydrolysate 
by butyl aleohol. The iodination is inhibited by the addition of thiorea, 
Thiourea, it has also been shown, inhibits the iodination of thyroid gland.! 
The iodination proceeds in the presence of substantial amounts of a lyophil- 
ized horse liver catalase (obtained through the courtesy of Kurt Stern), 

The failure of catalase to inhibit the reaction is not entirely clear. The 
explanation may be that the peroxidase present effectively competed with 


3 cc. of 0.2 m phosphate buffer, pH 6.65. 1 cc. of radioactive I'"' containing 0.5 y 
of I-; 38° for 45 minutes; 5 cc. of milk. Total volume, 9 cc. 





Per cent total I"! found in 











Description ° . 

Fraction A Fraction B | FP my ao 
Control 0.6 y | 90 
0.6 9 90 
0.45 mg. xanthine | 15 42 | 43 
| 16 | 43 | 41 
0.45 “ ” 3 mg. catalase 14 35 51 
preparation 12 | 38 50 
0.45 mg. xanthine, 5 mg. thiourea | 0.5 8 91 
; 0.5 9 90 


| 





the catalase for the small amount of peroxide. Furthermore, Keilin and 
Hartree have shown that the xanthine oxidase system is capable of per- 
forming oxidations even in the presence of catalase.” 

The formation of organically bound iodine by the xanthine oxidase sys- 
tem suggests an important réle for the yellow enzymes in biological iodina- 
tions. 

Department of Biochemistry Avsert 8. Keston 

College of Physicians and Surgeons 


Columbia University 
New York 
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1 Keston, A. S., Goldsmith, E. D., Gordon, A. 8., and Charipper, H. A., J. Biol. 


Chem., 162, 241 (1944). 
* Keilin, D., and Hartree, E. F., Proc. Roy. Soc. London, Series B, 119, 114 (1936). 
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CONCERNING THE MODE OF ACTION OF LIPOXIDASE 


Sirs: 

It has recently been suggested by Hummel and Mattill' that lipoxidase 
is an aerobic dehydrogenase. Their suggestion was based on the behavior 
of the enzyme with certain inhibitors and the observation that 2,6-di- 
chlorophenol indophenol was reduced more rapidly by crude enzyme plus 
lard ethyl esters than by enzyme alone. Previous work in our laboratory 
had led us to believe that lipoxidase could not function as a dehydrogenase, 
since methylene blue was not reduced anaerobically by lipoxidase plus 
cottonseed oil. 

To confirm our earlier observation and to test the hypothesis of Hummel 
and Mattill further, we carried out experiments with crude soy bean ex- 
tract and purified lipoxidase. 

A solution of 2,6-dichlorophenol indophenol treated anaerobically with 
an extract of defatted soy bean meal (40 units of lipoxidase”) was decol- 
orized in less than 2 hours. The reaction was not enhanced by ethyl 
linoleate or lard ethyl esters.' This extract, heated 15 minutes in a boiling 
water bath to destroy lipoxidase activity, bleached the dye anaerobically 
in 5 hours, with or without fat. No regeneration of lipoxidase activity 
occurred during this time. A purified lipoxidase preparation (1.5 mg. of 
protein = 57 units of lipoxidase) failed to bleach the 2,6-dichlorophenol 
indophenol even after 48 hours incubation. (At this time, 80 per cent of 
the original enzyme activity was still present.) 

Modified Thunberg tubes with hollow stoppers were evacuated by water 
pump 60 seconds after bubbling had subsided. 2 ml. of substrate had been 
placed in the tube, 0.4 ml. of enzyme solution in the hollow stopper, and 
these were mixed after the tubes were evacuated. The substrate consisted 
of 50 ml. of H,O, 0.6 mg. of 2,6-dichlorophenol indophenol, 0.26 gm. of 
sodium acetate, 2.5 ml. of 3 m phosphate buffer (pH 6.5), and 5 ml. of ace- 
tone, or acetone containing 10 mg. of fat, as indicated. All experiments 
were in duplicate. 

We believe that the anaerobic reduction of 2 ,6-dichlorophenol indophenol 
by crude soy bean extract is independent of its lipoxidase activity because 
(1) the reaction does not require unsaturated fat; (2) destruction of lipoxi- 
dase in the crude extract did not completely destroy its ability to reduce 
2,6-dichlorophenol indophenol; (3) a purified lipoxidase preparation com- 
parable in activity to the crude extract failed to bleach the dye even after 
48 hours incubation. 

1Hummel, J. P., and Mattill, H. A., Proc. Soc. Exp. Biol. and Med., 66, 31 (1944). 

* Balls, A. K., Axelrod, B., and Kies, M. W., J. Biol. Chem., 149, 491 (1943). 
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The fact that lipoxidase is not inhibited by a specific oxidase inhibitor, 
namely NaCN, is not sufficient reason for classifying it as an aerobic dehy- 
drogenase. Furthermore, any attempt to classify the enzyme on the 
basis of its reaction with various inhibitors seems premature at present 
because of the lack of data obtained with pure lipoxidase. Such a study 
is under way at the present time in our laboratory. 


Department of Biochemistry A. K. Batts 
School of Medicine Marian W. Kreg” 
George Washington University 
Washington 
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